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PREFACE 


The  Prospector  Workshops,  a  series  of  highly  focused  workshops  dealing 
with  key  issues  associated  with  the  science  and  technology  of  _ 

systems  had  their  origin  in  many  conversations  among  outstanding  technologists 
from  all  over  the  world.  It  became  apparent  that  the  difference  between  the  state- 
of-the-art  (SOA)  and  what  these  technologists  saw  for  future  needs  was  so  large 
that  new  approaches  to  meet  these  needs  was  mandatory.  As  a  result  of  this 
keen  interest,  a  workshop  format  was  conceived  to  bring  the  SOA  and  future 
needs  closer  together.  The  founders  believed  that  a  workshi^'s  informal, 
intense  review  of  advanced  power  systems'  requirements,  SOA,  innovative  ideas 
and  concepts,  technologies,  and  development  programs,  would  create  a  new 
perspective  of  where  certain  critical  power  technologies  were  headed.  There  a  e 
a  host  of  key  issues  which  fall  into  this  category  of  prime  power,  such  as  thermal 
management,  advanced  energy  conversion,  life  support, 
advanced  diagnostic  techniques,  just  to  name  a  few.  The  sponsors  believe  that, 
due  to  the  interdisciplinary  nature  of  power  systems,  any  new  and  successful 
approach  will  likely  come  from  a  group  of  technologists  with  diverse  t>ackgroimds 
rSherthan  from  those  schooled  in  the  "accepted"  approaches.  Thus,  Prospector 
was  created,  in  an  attempt  to  identify  and  resolve  some  key  issues  regarding 
power-related  systems. 

The  focus  of  preceding  workshops  of  this  Prospector  series  was  on  the 
production  and  management  of  electrical  power  and  micro-electromechanical 
systems  which  might  reduce  the  need  for  power  or  provide  the  techniques  to 
more  efficiently  manage  it.  The  focus  of  this  workshop.  Prospector  VII,  is  on  the 
options  available  to  potential  users  in  applications  of  small,  portable  ^el  cell 
systems  for  man-portable  military  systems  and  commercial  devices.  The  intent  of 
this  workshop  is  to  incorporate  the  many  advances  in  fuel  cell  design,  power 
production  techniques,  chemistry  and  chemical  engineering  issues,  fuels,  and 
manufacturing  opportunities  into  a  concise  strategy  for  significant  advancements 
over  the  next  decade. 


As  for  the  Prospector  Workshop  series,  there  is  always  something  in  a 
name.  Just  as  the  prospectors  of  old  sometimes  worked  the  tailings  of  old 
diggings  searching  for  a  missed  nugget,  we  too  reviewed  the  current  research 
issues  "looking  for  nuggets,"  before  embarking  on  a  search  of  new  ground.  For 
this  we  assembled  a  wide  range  of  technologists  --  engineers,  physicists, 
manufacturing  specialists,  and  managers  representing  the  government 
laboratories,  industry,  and  the  university  community.  Three  separate  Working 
Groups  were  charged  with  evaluating  the  commercial  and  military  applicatioris, 
comparing  and  contrasting  alternative  fuel  cell  technologies,  and  defining  and 
prioritizing  the  key  research  issues  pacing  fuel  cell  development. 


In  keeping  with  the  tradition  of  the  previous  Prospectors,  the  workshop  was 
patterned  after  the  highly  successful  Gordon  Conferences  which  have  formal 
morning  and  evening  sessions,  leaving  the  afternoon  free  for  recreation,  small 
working  group  discussions  or  literature  review  at  the  participants'  discretion. 


The  workshop  was  directed  by  a  group  of  senior  scientists  from  the  Army 
Research  Office  and  the  Space  Power  Institute  at  Auburn  University,  a  group 
which  is  familiar  with  the  concepts  of  fuel  cells  and  their  many  applications.  The 
broad  technical  base  represented  by  the  Board  of  Directors  resulted  in  a  unique 
agenda  which  covered  a  cross-section  of  fuel  cell  technologies  as  well  as  the 
many  opportunities  which  are  presented  to  apply  the  fuel  cell  concept  to  military 
and  commercial  systems.  Prospector  Vll's  Board  of  Directors  included  Dr.  Bob 
Guenther,  Dr.  John  S.  Kruger,  and  Dr.  Richard  Paur,  (Army  Research  Office), 

Dr.  Robert  Hamlen  (US  Army  Research  Laboratory),  and  Mr.  Cal  Johnson  and 
Dr.  M.  Frank  Rose  (Auburn  University  Space  Power  Institute). 

The  workshop  organizers  would  like  to  express  thanks  to  the  staff  of  the 
Washington  Duke  Inn,  Durham,  North  Carolina,  and  to  the  administrative  staff  of 
the  Space  Power  Institute  for  organizing  and  managing  the  workshop.  Special 
thanks  are  due  to  Ms.  Jullie  Campbell  of  the  Washington  Duke  Inn  and  to  Ms. 
Dana  Latham  of  the  Space  Power  Institute.  Their  efforts  contributed  greatly  to  the 
success  of  the  workshop  and  to  this  archival  record. 

The  pages  that  follow  contain  a  detailed  record  of  the  workshop  agenda, 
an  Executive  Summary,  the  results  and  recommendations  of  the  Working  Groups, 
copies  of  the  individual  technical  presentations,  and  a  list  of  the  attendees,  key 
technologists  from  government,  industry  and  academia.  We  owe  a  special  word 
of  thanks  to  the  attendees  --  we  sincerely  appreciate  your  willingness  to  give  your 
time  and  expertise  to  the  discussions  and  technical  presentations  of  this  meeting. 
We  sincerely  hope  that  this  document  represents  an  accurate  distillation  of  the 
workshop  deliberations.  It  is,  after  all,  your  collective  opinion  which  is  archived 
here,  and  whatever  impact  this  document  has  in  the  future  is  due  to  your 
thoughtful  deliberations. 

We  hope  to  see  many  of  you  at  Prospector  VIII:  Cutting  Space  Launch 
Costs,  to  be  held  March  21-24, 1995,  in  Park  City,  Utah. 

M.  Frank  Rose,  Co-Director 
For  the  Board  of  Directors 


EXECUTIVE  SUMMARY 


EXECUTIVE  SUMMARY 


This  Workshop,  Prospector  VII,  was  held  at  the  Washington  Duke  Inn, 
Durham,  North  Carolina,  from  October  31st  through  noon  on  November  3rd, 

1 994.  The  Workshop  was  held  in  response  to  a  growing  interest  on  the  part  of 
DOD  and  industrial  sponsors  in  developing  a  means  of  assessing  the  current 
state-of-the-art  in  small  fuel  cells  for  portable  power  systems.  This  Workshop's 
three-day  agenda  included  a  series  of  background  briefings,  tutorials  and 
technology  updates,  and  concluded  with  several  working  group  discussions 
which  reached  a  consensus  on  three  major  topic  areas.  The  event  was 
sponsored  by  the  Army  Research  Office  and  Auburn  University'  Space  Power 
Institute,  Auburn,  Alabama.  The  findings,  and  details  on  how  these  were 
identified,  are  presented  in  the  sections  which  follow. 


Summary  of  Workshop  Findings 

A  summary  of  the  findings  of  the  three  Working  Groups  is  stated  below: 

•  Fuel  cell  state-of-the-art  is  approaching  the  Army's  near-term 

mass/volume  power  system  goals 

•  Fuel  cells  are  a  viable  option  to  replace  batteries  in  demanding,  low 

power,  mobile  Army  applications 

•  Best  fuel  cell  candidates  are  pressurized  hydrogen  with  PEM,  chemical 

hydride  with  PEM,  and  direct  methanol  with  PEM 

•  Mission-specific  fuel  cell  designs  are  necessary  to  meet  Army  needs 

•  Key  research  issues  include  the  selection  and  use  of  fuels  and  fuel 

storage  methods,  stack  design  and  materials,  electrolytes, 
catalysis,  and  systems  engineering  /innovative  modeling  techniques 

•  Range  of  Soldier  System  power  systems  could  be  filled  by  batteries,  fuel 

cells,  or  a  combination  thereof,  for  a  specific  Army  mission 
requirement 

•  Limiting  attributes  in  fuel  cell  development  are  cost  of  manufacture, 

mass/weight  challenges 

•  Technical  issues  could  be  resolved  through  R  &  D  and  modeling 

•  Military  R  &  D  will  benefit  by  lower  procurement  costs  from  an  increasing 

commercial  fuel  cell  market  in  the  range  of  25  - 150  W 

•  Independent  market  survey  is  needed  to  identify  dual-use  cost  share 
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Background  of  Prospector  VII  Discussions 

The  general  topic,  development  of  portable  fuel  cell  power  systems, 
evolved  from  ongoing  ARO  and  ARPA  small  fuel  cell  programs  and  a  prior 
Prospector  Workshop  which  examined  power  sources  that  could  be  worn  or 
carried  by  the  individual  soldier  as  part  of  the  Soldier  System  concept.  The 
three-day  agenda  included  a  series  of  background  briefings,  tutorials,  and  fuel 
cell  technology  updates.  These  briefings  were  designed  to  draw  the  participants' 
attention  toward  three  major  sets  of  criteria  -  requirements,  capabilities,  and 
program  objectives  which  focus  on  small,  man-portable  fuel  cell  systems  for 
military  and  non-military  applications .  During  the  three  days,  participants 
examined  a  number  of  fuel  cell  technologies,  comparing  the  currently  favored 
PEM  fuel  cells  (both  hydrogen/air  fuel  and  direct  oxidation  of  methanol)  with  other 
types  to  determine  whether  there  was  reason  to  broaden  the  Army  R&D  program. 
Fuels  were  discussed  in  some  detail,  to  document  the  positive  and  negative 
aspects  of  hydrogen  and  methanol  as  possible  battlefield  fuels,  and  to  determine 
whether  there  was  a  case  for  other  approaches  (for  example,  the  likelihood  that 
very  small  reformers  could  be  built  for  man-portable  systems). 

The  focus  of  this  meeting  was  on  the  options  available  to  potential  users  in 
applications  for  man-portable  military  systems  as  well  as  industrial  devices.  The 
intent  of  the  Workshop  sponsor  was  to  incorporate  into  a  concise  strategy  fuel 
cell  design,  power  production  techniques,  chemistry  and  chemical  engineering 
issues,  fuel  types,  availability,  and  production,  and  manufacturing/miniaturization 
techniques,  so  as  to  track  fuel  cell  advancements  over  the  next  decade.  The 
participants  were  divided  among  three  Working  Groups,  namely  (1)  Civilian  & 
Military  Fuei  Cell  Applications  for  Commercial  Products  and  Missions,  (2) 
Alternative  Fuel  Cell  Technologies  --  Comparisons  &  Contrasts,  and  Key 
Research  Issues  Pacing  Development  --  Definitions  &  Priorities. 

The  Working  Groups  discussed  the  many  tradeoffs  in  fuel  cell  selection 
criteria,  various  testing  protocols,  man-portable  potential,  performance 
measurement  techniques,  development  issues,  endurance  trials,  and  other 
design  options.  At  its  conclusion,  this  Workshop  attempted  to  clarify  what  might 
be  done  to  influence  specific  improvements  in  fuel  cell  technologies  for  potential 
applications  within  the  commercial  sector  and  the  military  services  with  emphasis 
on  man-portability  and  near-term,  dual-use  development  opportunities. 

Workshop  Objectives 

To  guide  participants,  the  sponsor  developed  the  objectives  listed  below: 

•  Assess  the  state-of-the-art  of  fuel  cells  and  fuel  cell  systems  by 
characterizing  innovative  fuel  cell  conversion  techniques  and  determining  their 
applicability  to  DOD  and  non-military  power  systems; 

•  Identify  the  key  research  issues  pacing  development  of  (or  limiting  full 
development  of)  efficient,  high  power  fuel  cells/systems  with  acceptable  lifetimes: 
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•  Identify  the  major  limiting  factors  which  must  be  addressed  as  part  of 
overall  fuel  cell/system  design  for  man-portable  applications; 

•  Prioritize  and  clearly  define  research  issues,  indicating  the  impact  if 
successful: 

•  Provide  research  team  milestones  to  track  significant  improvements  in 
fuel  cell  technology  over  near-term  and  long-term  development  programs; 

•  Identify  operational/environmental  constraints  such  as  materials, 
signatures,  mass,  and  pollution  which  influence  the  applications  or  improvements 
envisioned;  and 

•  Establish  scaling  laws,  and  wherever  possible,  use  those  laws  to 
compare  results  with  other  methods  of  powering  DOD  and  non-military  systems. 


Working  Groups:  Discussion  Details 
Group  A:  Applications  for  Commercial  Products  &  Specific  Missions 

State-of-the-art  fuel  cell  systems  for  low  power  (i.e.,  less  than  1  kW) 
mobile  Army  applications  were  assessed  and  an  H2-air  PEM  reference  system 
was  defined.  Hydrogen  storage  and  re-supply  logistics  were  discussed  and 
system  level  heat  transfer,  scaling  issues,  and  risks  were  addressed  for  the 
reference  system.  The  state-of-the-art  system  is  approaching  the  near-term 
mass  and  volume  power  system  goals  set  by  the  Army. 

It  was  concluded  that  fuel  cells  should  be  considered  for  use  in  low  power 
mobile  Army  applications.  Fuel  cells  should  also  be  evaluated  to  replace  existing 
battery  systems  and  for  use  as  battery  chargers.  The  Working  Group  focused 
primarily  upon  150  W  system  subject  to  the  following  requirements:  long  life 
(greater  than  500  hrs),  fast  start/stop  times,  numerous  start/stop  cycles, 
freeze/thaw  tolerance,  rugged,  soldier  portable,  attitude  insensitive.  Since  each 
candidate  application  will  have  a  different  mix  of  operational  and  integration 
aspects,  the  Group  found  that  specific  power  system  designs  would  have  to  be 
created  to  accommodate  specific  mission  requirements.  As  in  other  workshops 
on  power  system  development,  the  participants  pointed  to  the  ultimate  cost  of 
fuel  cell  systems  as  the  most  important  issue  for  commercial  acceptance, 
probably  established  through  a  set  of  niche  markets.  Finally,  several  dual-use 
applications  and  potential  commercial  martlets  were  suggested  and  discussed, 
and  the  Group  concluded  that  insufficient  information  existed  on  the  full  market 
availability.  A  commercial  customer  base  will  emerge  if  a  dependable, 
affordable  fuel  cell  product  becomes  available.  Thus,  an  independent  market 
survey  was  strongly  recommended. 

Group  B:  Alternative  Fuel  Cell  Related  Technologies 

The  state-of-the-art  fuel  cell  systems  for  low  power  (i.e.,  less  than  1  kW) 
mobile  Army  applications  were  assessed  in  a  general  sense.  The  Group 


concluded  that  the  state-of-the-art  (SOA)  system  is  approaching  the  near  term 
mass  and  volume  power  system  goals  set  by  the  Army,  and  further  technical 
progress  appears  to  be  readily  achievable.  Only  time  and  the  necessary 
investment  of  R&D  dollars  seem  to  prevent  the  development  of  the  Group's 
three  prime  candidates  for  near-term,  small  (portable)  fuel  cell  applications. 

Working  Group  B  focused  on  three  power  ranges,  1 0W,  1  SOW,  and 
1000W  systems  by  evaluating  both  fuel  cell  and  non-fuel  cell  options.  The 
participants  recognized  that  some  military  and  commercial  applications  could  be 
technology-dependent,  in  that  certain  applications  would  employ  only  very 
specific  types  of  technologies  whenever  mass  and  size  were  taken  into 
consideration.  Additional  constraints  placed  upon  the  power  system  developer 
(by  the  user,  or  by  outside  agencies)  could  eliminate  certain  types  of  fuel  cell 
systems  completely,  so  care  was  taken  not  to  immediately  constrain  discussions 
concerning  possible  applications  and  power  system  technologies.  Key  issues, 
such  as  operational  and  integration  issues,  as  well  as  specific 
military/commercial  applications,  were  left  for  other  Working  Groups  to  evaluate. 

In  its  conclusion,  the  Alternative  Fuel  Cell  Related  Technologies  Working 
Group  stated  that  the  over-riding  positive  and  negative  attributes  which  tend  to 
limit  small  fuel  cell  development  could  be  summed  up  in  terms  of  cost  of 
manufacture,  and  mass/weight  challenges  for  the  truly  small,  portable  FC 
systems  required  by  the  Army.  It  was  believed  that  technical  issues,  such  as 
energy  density,  methanol  cross-over,  operating  temperature  limitations,  optimal 
start-up  characteristics  and  performance,  and  endurance  (life  cycle  before 
replacement  or  refueling)  would  be  solved  or  resolved  through  enhanced 
research,  improved  comprehensive  modeling  of  systems,  and  better  materials 
selection  and  optimization.  Those  issues  were  examined  in  detail  by  another 
Working  Group. 

This  Group's  final  conclusion  was  that  fuel  cells  should  definitely  be 
considered  as  a  viable  option  for  use  in  low  power  mobile  Army  applications,  and 
an  active  Army  R&D  program  was  justified.  As  in  discussions  by  others,  this 
Group  believes  that  fuel  cells  should  also  be  evaluated  to  replace  existing  battery 
systems  in  selected  demanding  applications,  and  for  use  as  battery  chargers.  As 
a  bottom  line,  the  Group  stated  that,  in  the  foreseeable  future,  the  best 
candidates  beyond  lithium  primary  batteries  were  the  foliowing  three  fuel  cell 
systems:  pressurized  hydrogen  with  PEM,  chemical  hydride  with  PEM,  and 
direct  methanol  with  PEM.  As  a  non-fuel  cell  option,  it  was  believed  that  metal¬ 
air  batteries  offered  the  best  opportunity  for  development. 

Group  C:  Key  Research  Issues  Pacing  Development 

The  key  research  issues  pacing  development  for  low  power  fuel  cell  (FC) 
systems  were  identified  and  discussed  in  the  Working  Group  C  sessions.  The  Group 
concluded  that  there  were  a  number  of  research  issues  which  could  be  arranged  into 
five  categories.  These  categories  related  to  FC  sub-systems,  techniques  and  methods 
for  improvements  in  design,  safety  aspects,  or  a  better  application  of  materials  and  fuel 
cell-related  chemistry.  Also,  the  Group  determined  that  the  most  relevant  key  research 


issues,  distributed  into  five  major  categories,  were  the  selection  and  use  of  fuels  and 
fuel  storage  methods,  stack  design  and  materials,  electrolytes,  catalysis,  and  systems 
engineering  /innovative  modeling  techniques  for  fuel  cells. 

The  Group  limited  itself  to  discussing  portable  power  requirements  which  are 
necessary  for  the  individual  soldier.  The  requirements  were  divided  into  two  primary 
functional  areas.  First,  microclimate  cooling  which  requires  power  on  the  order  of  150 
watts  and  up;  and  second,  all  other  electronic  devices  requiring  power  from  5  watts  up 
to  ~50  watts.  As  shown  in  Figure  1 ,  potential  packaging  for  power  requirements  have 
been  divided  into  these  two  broad  functional  areas,  microclimate  cooling  and  others. 


Microclimate  Cooling 
150W 


Everything  Else 
and  ...SOW 
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Cells 


t 
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Potential  Solutions 

•  One  Power  Source  (~200W) 

or 

•  Distributed  Power 


•  Microclimate  Cooling  •  Everything  Else 

or 

•  Individual  Systems 


Figure  1 .  Individual  Soldier  Power  Requirements  and  Potential  Solutions 


In  one  category  a  single  power  source  (approximately  200  watts)  will 
provide  all  the  currently  identified  energy  needs  for  the  individual  soldier.  Alternatively, 
a  distributed  power  system  of  two  major  types  could  be  developed.  One  power 
system  would  be  only  for  microclimate  cooling,  the  second  power  system  would 
include  everything  else.  Furthermore,  this  second  power  system  can  be  further 
divided  into  two  modes;  a  single  power  unit  that  supplies  all  the  needs,  or  distributed 
individual  systems  for  the  various  components.  A  single  source  200  watt  unit  would, 
by  necessity,  probably  be  a  fuel  cell  system. 

On  the  other  hand,  as  further  depicted  in  Figure  1 ,  sub-dividing  the  power 
source  into  a  distributed  system  of  various  sizes  could  result  in  some  systems  capable 
of  being  handled  by  batteries.  So  the  range  of  power  needs  could  be  fulfilled  by  fuel 
cells  or  batteries,  depending  on  the  specific  mission.  As  shown  in  Figure  2,  it  is 
envisioned  that  a  50  watt  power  system  will  be  met  by  two  devices  of  25  watts  each. 
The  energy  requirement  is  estimated  to  be  -300  watt  hours  requiring  less  than  1  kg 
mass  and  1  liter  of  volume.  This  energy  need  possibly  could  be  met  by  fuel  cells  or  by 
batteries. 


Power(W) 

Energy(W-Hr)  Wt(Kg)/V(L) 

Technology 

25 

300  1/1 

Battery/Fuel  Cell 

150 

>600-  10,000  5/4 

Fuel  Cell 

>150 

Potential  Fuel  Cell  Solutions 
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•  MeOH/PEM 
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Figure  2.  Power/Energy  Targets  for  Future  Work  and  Potential  Solutions 


On  the  other  hand,  the  150  watts  and  above  power  source  will  require 
energy  levels  on  the  order  of  600  up  to  ~1 0,000  watt-hrs.  It  will  need  to  weigh  less 
than  5  kg  and  have  a  volume  less  than  4  liters.  This  particular  need  will  certainly 
require  a  fuel  cell.  The  working  group  decided  that  the  fuel  cell  technologies  which 
are  available  at  this  time  and  are  most  amenable  for  these  applications  include  the 
hydrogen  PEM,  the  methanol  PEM  and  the  methanol  solid  oxide  fuel  cell  (SOFC).  As 
a  result,  all  research  issues  discussed  revolved  around  those  three  FC  systems. 

The  Group  concurred  with  the  Sponsor's  Charge,  in  that  the  system's  energy 
density  is  of  paramount  importance  in  establishing  parameters,  planning  factors, 
limitations,  markets,  and  options  for  technology  development.  Furthermore,  in 
evaluating  the  "small  system,"  the  definition  for  "small"  should  be  defined  as  "any 
system  less  than  IkW  at  the  upper  end." 

Finally,  the  Working  Group  acknowledged  that  the  development  of  fuel  cell 
systems  of  25  watts  up  to  less  than  150  watts  for  military  applications  could  lead  to 
numerous  applications  in  the  commercial  sector.  Although  military  applications  were  the 
primary  motivator  for  this  particular  workshop,  one  should  consider  the  commercial  spin¬ 
offs  due  to  the  vastly  increased  market  and  investment  opportunity.  Consequently,  it  is 
the  opinion  of  the  Group  that  an  emphasis  on  research  to  resolve  these  fuel  cell 
technical  issues  will  benefit  civilian  markets  as  well  as  military  needs,  and  this  "dual 
market  opportunity"  should  be  pursued. 


Summary 

In  summary,  participation  in  the  Prospector  VII  Workshop  offered  a  unique 
opportunity  for  scientists  and  engineers  from  industry,  universities,  and 


government  to  jointly  develop  a  strategy  to  advance  the  technology  for  portable 
fuel  cell  systems  for  military  and  civil  applications.  On  behalf  of  all  DoD  and 
industrial  users  who  will  benefit  from  this  report,  the  members  of  the  Board  of 
Directors  wish  to  thank  each  participant  for  providing  detailed,  constructive,  and 
candid  comments  on  a  development  strategy  for  portable  fuel  cell  power 
systems.  Thank  you  for  a  job  well  done! 


Co-Director 


Frank  Rose 
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INTRODUCTION 


Prospector  VII  is  the  seventh  in  a  series  of  workshops  dealing  directly  with 
advanced  technologies  applied  to  the  individual  soldier's  needs.  Other 
workshops  investigated  the  alternative  power  sources  (batteries,  capacitors, 
radioisotope-based  generators,  etc.)  for  the  Soldier  System  concept,  and  ^  ’uel 
cell  power  system  was  the  only  remaining  form  not  studied  on  an  individual  basis 
as  a  result  of  recommendations  made  by  participants  in  prior  workshops.  This 
Workshop  completes  the  remaining  recommendations  and  underscores  the 
growing  interest  in,  and  need  for,  small,  portable  fuel  cell  systems  on  the  part  of 
DOD  and  industrial  sponsors. 

As  background  for  this  topic,  in  November  of  1990,  the  first  workshop  on 
Mobile  Tactical  Battlefield  Power  Technology  was  held  at  the  request  of  the  Army 
Research  Office.  One  of  the  major  findings  was  the  identification  of  a  need  for 
research  and  development  to  improve  Army  power  technology  at  the  low  end  of 
the  scale.  Power  technology,  up  to  500  W,  and  man  portable,  is  considered 
absolutely  necessary  to  assure  the  effectiveness  of  the  Army’s  mobility. 
Furthermore,  in  years  past,  such  issues  as  autonomous  operation  time,  reliability, 
scaling,  and  cost  had  not  been  clearly  defined  for  power  systems.  These,  and 
other  such  unresolved  issues  in  recent  years,  emphasized  the  need  for  separate 
workshops  dedicated  to  sub-sets  of  the  Army's  power  needs.  Subsequent 
workshops,  carefully  focused,  were  conducted  to  address  those  particular  sub¬ 
sets.  As  the  Prospector  series  evolved,  workshop  topics  of  particular  interest  to 
the  Army  were  studied,  to  include  electrochemical  power  sources,  small  engine- 
generator  power  systems,  electric  actuation  and  its  applications,  radioisotope 
thermoelectric  generators,  the  new  and  emerging  technology  of  micromachines, 
the  thermal  management  aspects  of  power  systems,  and  the  most  current  topic, 
small,  portable  fuel  cell  power  systems  for  the  individual  soldier. 

The  Workshop  goals,  as  determined  by  the  Board  of  Directors,  were  to: 

•  Assess  the  state-of-the-art  of  fuel  cells  and  fuel  cell  systems  by 

characterizing  innovative  fuel  cell  energy  conversion  techniques  and  determining 
their  applicability  to  DOD  and  civil  power  systems; 

•  Identify  the  key  research  issues  pacing  the  development  of  (or  limiting 
full  development  of)  efficient,  high  power  fuel  cells/systems  with  acceptable 
lifetimes; 


•  Identify  the  major  limiting  factors  which  must  be  addressed  as  part  of 
overall  fuel  cell/system  design  for  man-portable  applications; 

•  Prioritize  and  clearly  define  research  issues,  indicating  the  impact  if 
successful; 

•  Provide  research  team  milestones  to  assure  significant  improvements  in 
fuel  cell  technology  over  near-term  and  long-term  development  programs; 


•  Idontify  opGrational/Bnvironmental  constraints  such  as  matarials, 
signatures,  mass,  and  pollution  which  influence  the  applications  or  improvements 

envisioned;  and 

•  Establish  scaling  laws,  and  wherever  possible,  use  those  laws  to 
compare  results  with  other  methods  of  powering  DOD  and  civil  systems. 

To  accomplish  these  goals,  a  group  of  distinguished  scientists  and 
engineers,  active  in  the  field,  were  invited  to  present,  in  several  overview  talks, 
current  perceptions  of  the  state-of-the-art  in  fuel  cell  power  systems.  Each 
speaker  was  to  address  key  issues,  operational  and  environmental  constraints, 
and  potential  military  and  commercial  applications  for  small,  portable  fuel  cell 
systems  from  their  own  particular  vantage  points  in  DOD  agericies,  academic 
institutions,  and  research  laboratories.  These  speakers  constituted  the  plenary 
session,  and  the  agenda  for  that  session  is  shown  in  Table  1. 


SMALL,  PORTABLE  FUEL  CELL  SYSTEMS 
PLENARY  SESSION 
Chairman:  Mr.  Calvin  Johnson  (AU) 


•  "ARO  Interest  in  Portable  Fuel  Cells,"  Dr.  Dick  Paur  (ARO) 

•  "Natick's  Fuel  Cell  Requirements  for  the  Soldier  Sys,"  Mr.  Brad  Lapris,  Natick 

•  "Silent  Energy  Sources  for  Tactical  Applications,"  Mr.  Walter  Taschek,  Belvoir 

•  "Competing  Technologies  for  Power  Generation,"  Dr.  Frank  Rose,  Auburn  Univ 

•  "High  Performance  Fuel  Cell  Initiatives  at  ARPA,"  Dr.  Lawrence  Dubois,  ARPA 


Table  1. 


As  confirmed  by  the  Plenary  speakers,  progress,  and  interest  in,  small, 
portable  fuel  cells  is  increasing  steadily.  The  military  is  looking  for  smaller  fuel 
cells  with  increased  energy  density,  relative  ease  of  use  (little  training  required), 
lower  cost  per  unit  energy,  increased  power  density,  and  reduced  disposal 
problems.  For  obvious  reasons,  special  features,  such  as  a  "remaining  energy  ^ 
indicator  (REI)"  are  desirable.  What  is  the  state-of-the-art?  Successes  in  ARPA's 
direct  methanol  fuel  cell  are  evident.  That  technology  is  approaching  power 
densities  of  approximately  0.2  W/cm2.  In  another  area,  the  Army  Research  Office 
is  lowering  cost  and  improving  performance  of  the  150  -  250  W  hydrogen  units. 
One  Plenary  speaker  reminded  the  audience  that  operation  of  PEM  and  SOFC 
fuel  cell  stacks  on  H2/air  mixtures  at  greater  than  1  kW/kg  and  1  kW/L  should  be 
possible.  Natick's  Gen  II  (second  generation  Soldier  System)  prototype  device 
was  briefed  to  the  participants.  Another  speaker  detailed  the  power  requirements 
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and  what  each  power  milestone  represented  in  terms  of  a  soldier^s  improved^ 
combat  capability  when  fuel  cell  options  were  applied.  A  last  speaker  talked  to 
novel  thermophotovoltaic  generator  systems  with  tuned  line  emitters  as  a  new 
technology  which  could  be  competitive  for  applications  as  small,  portable  power 
systems.  The  Plenary  Session's  themes  rapidly  pointed  to  the  advantages  of 
refuelable  power  sources  which  are  attitude-insensitive,  silent,  possess  3  low 
thermal  signature,  are  safe  and  easy  to  operate,  and  are  relatively  cost-effective. 

A  hybrid  system  or  some  novel  approach  would  not  be  ruled  out,  nor  would 
multiple  types  of  power  sources  be  discounted  due  to  varying  military  mission 
scenarios,  both  in  duration  and  peak  energy  demands. 

To  assist  the  workshop  process  after  the  overview  talks,  other  speakers 
concentrated  on  specific  portions  of  FC  development,  and  the  technologies  which 
are  involved  in  each.  Another  group  of  fuel  cell  scientists  and  engineers 
presented  technology  summaries  describing  the  state-of-the-art,  assessing  the 
near-term  state-of-the-art,  and  giving  their  personal  opinions  of  the  ultimate  limits 
with  some  considerations  for  practicality.  The  Agenda  for  Technology  Sessions  I, 

II  &  III  is  shown  in  Table  2. 

The  remainder  of  the  Workshop  was  spent  in  smaller  Working  Groups 
where  discussions  centered  around  the  following  three  main  topic  areas. 

•  Civilian  and  Military  Fuel  Cell  Applications  for  Commercial  Products 
and  Specific  Missions 

•  Alternative  Fuel  Cell  Technologies  _ 

•  Key  Research  Issues  Pacing  Development  -  Definitions  &  Priorities 

Charge  to  Participants.  As  stated  earlier,  the  individual  Working  Groups 
were  charged  with  finding  the  best  development  paths  and  technology  solutions 
for  small,  portable  FC  systems.  "Small"  was  defined  by  the  sponsor  as  less  than 
1  kW  at  the  upper  end  and  as  small  as  practical  at  the  lower  end.  The  sponsor 
emphasized  that  the  complete  power  system  had  to  be  carried,  so  the  energy 
density  of  complete  systems  was  what  really  counted.  Additionally,  Group  I 
(Applications)  was  to  assess  the  SOA,  assess  whether  it  was  feasible  to  go  to 
smaller  units  to  attempt  to  replace  batteries,  assess  commercial  markets  and 
issues,  and  address  system  issues  of  stack  integration,  attitude  sensitivity,  shelf 
life,  start-up  time,  disposal,  and  safety.  Group  II  (Alternatives)  was  to  identify 
alternatives  to  FC  in  small  size  ranges,  assess  alternative  FC  technologies  for 
systems  under  1  kW,  summarize  advantages  and  disadvantages  of  aiternate 
technologies  when  compared  to  fuel  cells,  and  identify  self-contained  options  and 
size  range  of  application  (assess  the  marketability  of  fuel  cells)  in  military  and 
commercial  markets.  Group  III  (Research  Issues)  was  charged  with  developing  a 
consensus  of  the  leading  technical  "show-stoppers"  limiting  the  rapid 
development  of  small  FC  units,  prioritizing  these  leading  technoiogies,  identifying 
SOA  performance  and  goals  for  future  work,  summarizing  the  potential  strategies 
for  near-term  improvements  and  "breakthroughs,"  and  identifying  the  basic 
scientific  support  needs  for  FC  improvements. 


With  this  set  of  questions  and  challenges,  Working  Group  members  were 
to  seek  out  new  ideas,  identify  the  technological  impediments,  and  secure 
comparisons  of  traditional  and  non-traditional  technologies.  The  sunimanes  of 
those  discussions,  and  the  respective  Group  briefings  to  the  entire  body  of 
participants,  are  included  in  these  Proceedings. 


TECHNOLOGY  UPDATE  SESSION  I 
Chairman:  Dr.  Frank  Rose  (SPI) 

•  "Status  of  ARL  Battery  Programs,"  Dr.  Bob  Hamlen,  Army  Research  Lab 

•  "Proton  Exchange  Membrane  Fuel  Cells  -  Basic  Research  to  Technology 

Development,"  Dr.  Supramaniam  Srinivasan,  Texas  A&M 

•  "Fuel  Cell  Development  Program  for  the  Army,"  Mr.  Dave  Bloomfield,  Analytic 

Power 

•  "Overview  of  PEM  Fuel  Cell  Research  at  ARL,"  Dr.  Michael  Binder,  Army 

Research  Lab 

•  "Aluminum/Air  Semi-Fuel  Cells  for  Portable  Power  Applications,"  Dr.  Bhaskara 

Rao,  Explorex 


TECHNOLOGY  UPDATE  SESSION  II 
Chairman:  Dr.  Bob  Guenther,  ARO 

•  "System  Integration  Aspects  of  Small  Portable  Devices,"  Dr.  Scott  Hynek, 

Arthur  D.  Little 

•  "Energy  Storage:  Manpack  Hydrogen  Tanks,"  Mr.  Ira  Kuhn,  Directed 

Technologies,  Inc 

•  "Oxygen  Storage  Systems,"  Mr.  Jerry  Chodil,  Ball  Aerospace 

•  "Direct  Methanol  PEM  Fuel  Cell  Development,"  Dr.  Bob  Savinell,  Case  Western 

Reserve  University 

•  "Evaluation  &  Modeling  of  PEM  Fuel  Cells,"  Dr.  Ron  Mann  ,  Royal  Military 

College  of  Canada 

•  "Electrodeposition  of  Nafion  on  Electrode  Structures,"  Dr.  Bruce  Tatarchuk, 

Auburn  University 

•  "Innovative  Laminar  Structure  Concept,"  Dr.  Eugene  Smotkin,  Illinois  Institute  of 

Technology 


Table  2. 


TECHNOLOGY  UPDATE  SESSION  III 
Chairman;  Dr.  Bob  Hamlen,  ARL 

•  "Low  Temp  Solid  Oxide  Fuel  Cells  at  Argonne,"  Dr.  Mike  Krumpelt,  Argonne 

Laboratory 

•  "Heat  Transfer  and  Cooling  Challenges  in  Fuel  Cell  Development,"  Mr.  Dave 

Bloomfield,  Analytic  Power,  Inc 

•  "Field  Production  of  H2:  Wet  or  Dry  Manufacture  from  Military  Transport  Fuels," 

Dr.  Bill  Peters,  MIT 

•  "Update  on  Battery  Workshop  (Prospector  III),"  Dr.  Bob  Guenther,  ARO 


Table  2  (Continued). 

In  a  final  general  session,  each  Working  Group  Chairman  presented  a 
summary  of  his  respective  group's  deliberations  and  findings  to  a  final  Plenary 
Session.  As  expected,  there  was  considerable  discussion  of  the  separate 
findings,  as  well  as  a  general  consensus  on  a  number  of  key  points  arrived  at  in 
separate  session.  These  findings  have  been  incorporated  as  accurately  as 
possible  into  the  Executive  Summary  and  the  individual  Working  Group 
Summaries. 

Three  events,  a  demonstration,  display,  and  poster  session  of  portable  fuel 
cell  technology,  provided  enrichment  to  the  technical  presentations  (Table  3). 

A.  Demonstration/Display:  Analytic  Power’s  Operational  Fuel  Cell  (Bloomfield) 

B.  Display:  CECOM's  Fuel  Cell  Development  Device  (Taschek) 

C.  Poster  Session:  Factors  Governing  On-Line  Hydrogen  Generation  from 

Aluminum  in  Alkaline  Solution  (Rao) 

D.  Poster  Session:  PEM  Fuel  Cells  -  Basic  Research  to  Tech  Development 

(Srinivasan) 


Table  3. 

The  fifty-three  participants,  drawn  from  industry  (19),  academia  (12),  arid 
government  agencies  and  laboratories  (22),  represent  a  balanced  cross-section 
of  fuel  cell  researchers,  users,  and  technologists. 

The  remainder  of  this  document  is  a  collection  of  the  Workshop 
presentations  and  summaries  from  the  individual  Working  Groups.  The 
Appendices  contain  additional  documentation  or  background  papers  as 
necessary  to  provide  a  complete  written  record  of  the  events  of  Prospector  VII. 
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PLENARY  SESSION 


PLENARY  SESSION 


Chairman:  Mr.  Calvin  Johnson  (AUSPI) 


The  Plenary  Session  began  with  a  welcome  by  Dr.  M.  Frank  Rose  and  Dr. 
Dick  Paur  on  behalf  of  the  Workshop's  Board  of  Directors.  Their  comments  to  the 
group  constituted  a  reiteration  of  the  Workshop  objectives  and  a  reminder  from 
Dr.  Paur  that  he  would  be  providing  some  detailed  guidance  to  each  Working 
Group  just  prior  to  the  "charge  to  the  Workshop  body."  Both  presentations  would 
be  presented  following  the  last  Technology  Update  Session  on  Tuesday  evening, 
November  1st. 

The  Plenary  Session  speakers  confirmed  that  progress,  and  interest  in, 
small,  portable  fuel  cells  is  increasing  steadily.  The  military  is  looking  for  smaller 
fuel  cells  with  increased  energy  density,  relative  ease  of  use  (little  training 
required),  lower  cost  per  unit  energy,  increased  power  density,  and  reduced 
disposal  problems.  For  obvious  reasons,  special  features,  such  as  a  "remaining 
energy  indicator  (REI)"  are  desirable.  What  is  the  state-of-the-art?  Successes  in 
ARPA's  direct  methanol  fuel  cell  are  evident.  That  technology  is  approaching 
power  densities  of  approximately  0.2  W/cm2. 

In  another  area,  the  Army  Research  Office  is  lowering  cost  and  improving 
performance  of  the  150  -  250  W  hydrogen  units.  One  speaker  reminded  the 
audience  that  operation  of  PEM  and  SOFC  fuel  cell  stacks  on  H2/air  mixtures  at 
greater  than  1  kW/kg  and  1  kW/L  is  possible.  Natick's  Gen  II  (second  generation 
Soldier  System)  prototype  device  was  described  in  terms  of  its  major  program 
elements  and  five  major  subsystems.  Of  the  five  subsystems,  only  the  Protective 
Subsystem  does  not  require  power. 

Another  speaker  detailed  the  power  requirements  and  what  each  power 
milestone  represented  in  terms  of  a  soldier’s  improved  combat  capability  when 
fuel  cell  options  were  applied.  A  last  speaker  talked  to  novel  thermophotovoltaic 
generator  systems  with  tuned  line  emitters  as  a  new  technology  which  could  be 
competitive  for  applications  as  small,  portable  power  systems.  The  Plenary 
Session's  themes  rapidly  pointed  to  the  advantages  of  refuelable  power  sources 
which  are  attitude-insensitive,  silent,  possess  a  low  thermal  signature,  are  safe 
and  easy  to  operate,  and  are  relatively  cost-effective.  A  hybrid  system  or  some 
novel  approach  would  not  be  ruled  out,  nor  would  multiple  types  of  power 
sources  be  discounted  due  to  varying  military  mission  scenarios,  both  in  duration 
and  peak  energy  demands. 

The  Agenda  for  this  session  was  as  follows: 

•  "ARO  Interest  in  Portable  Fuel  Cells,"  Dr.  Dick  Paur  (ARO) 

•  "Natick's  Fuel  Cell  Requirements  for  the  Soldier  System,"  Mr.  Brad  Lapris, 

U.  S.  Army  Natick  RD  &  E  Center 

•  "Silent  Energy  Sources  for  Tactical  Applications,"  Mr.  Walter  Taschek,  Belvoir 


•  "Competing  Technologies  for  Power  Generation,"  Dr.  Frank  Rose,  Auburn  Univ 

•  "High  Performance  Fuel  Cell  Initiatives  at  ARPA,"  Dr.  Lawrence  Dubois,  ARPA 


Speakers'  Sumaries  •  Enclosed  at  Front  of  Each  Presentation 

Each  speaker  provided  a  1-2  page  narrative/summary,  with  a  copy  of  the 
lecture  materials  (overhead  projection  viewgraphs).  The  remainder  of  this 
section  is  a  compiiation  of  the  Plenary  Session  lectures  amd  their 
summaries.  They  are  reproduced  here  as  submitted  by  the  Workshop 
organizers  and  speakers. 


PERSON-PORTABLE  ELECTRIC  POWER 

October  31  -  November  3,  1 994 


Dr.  Richard  J.  Paur 


Electrochemistry 

Chemical  &  Biological  Sciences  Division 
Army  Research  Office 


The  Army  Research  Office's  Battlefield  Power  Program  has  a  definite 
Soldier  System  focus.  That  focus  is  represented  by  the  numerous  technology 
options  and  the  route(s)  taken  by  ARO  to  bring  these  competing  options  to 
closure  culminating  in  a  well-defined  Soldier  System  power  source.  Some 
interesting  conclusions  have  evolved  during  the  past  four  years  as  a  result  of  six 
workshops.  SBIR,  HUB,  and  URI  programs,  and  several  assessments  of  the 
state-of-the-art  of  technologies  which  could  meet  the  requirements  of  small, 
compact  power  supplies  for  the  individual  soldier.  Figure  1  describes  the  route(s) 
used  to  evaluate  power  source  options  over  the  past  four  years.  Specific 
conclusions  reached  along  the  path  are  as  follows: 

a.  Mobile  Tactical  Battlefield  Workshop:  Largest  payoff  from  concerted 
R&D  efforts  is  in  the  smaller  power  source  applications,  and  politics  neglected, 
small  nuclear  power  units  would  be  truly  enabling.  Issues  which  evolved  led  to 
further  study  on  such  issues  as  ways  to  use  standard  military  fuels  for  hydrogen 
production  for  fuel  cells,  electrode  structure  development  to  capitalize  upon 
number  of  cycles  and  depth  of  discharge  of  power  storage  devices,  advanced 
thermal  management  and  heat  exchanges  techniques,  and  methods  of  hydrogen 
storage.  Fuel  cells  appear  to  be  the  most  desirable,  longer  term  solution,  and  a 
future  workshop  should  study  this  option,  as  well  as  batteries,  in  more  detail. 


b.  Radioisotopp  Pnwfir  Workshop:  This  concept  had  desirable  attributes 
to  include  an  enormous  energy  density,  adaptability  to  a  wide  range  of  power 
densities,  isotopes  which  were  suitable  for  power  applications  were  byproducts  of 
nuclear  reactor  operations,  technology  is  highly  developed,  and  offers  a  wide 
range  of  options  for  energy  conversion.  On  the  less  desirable  side,  this 
technology  has  a  power  source  which  cannot  be  turned  off,  requires  a  massive 
shield  for  fuels,  portends  some  environmental  and  health  issues  in  manufacture 
and  use,  is  expensive,  and  is  probably  publicly  unacceptable. 

C.  Advanced  Batfprv  Workshop:  Although  most  SS  missions  can  be 
handled  by  battery  technology,  continued  concerns  on  environmental  issues  and 
safety,  highly  influenced  by  civil  and  industrial  applications,  will  impact  Army  use. 
Lithiurri  chemistry  is  the  basis  for  the  most  promising  battery  technology  for  the 
SS.  Fuel  cells  and  small  rotating  machinery  can  meet  the  power  and  mass 
requirements  for  the  most  demanding  SS  currently  defined  (5/92).  As  a  bottom 
line,  power  technology  is  underfunded. 


d.  Small  Enninpsfnrthe  SS:  General  conclusions  were  that  there  is 
enormous  potential  for  improving  small  engine  performance  through  the 
innovative  use  of  materials  and  technologies.  OSHA  regulations  will  become 
restrictive,  hence  environmental  and  safety  concerns  will  play  a  greater  role  in 
Army  power  technology.  The  Army  is  investing  in  the  appropriate  small  engine 
power  technologies,  although  power  lags  device  and  electronics  development. 
Beamed  microwave  radiation  was  deemed  to  be  unmanageable.  As  a  bottom 
line,  rotating  machines  could  be  ready  in  the  near-term  but  has  significant 
signature  problems. 

e.  Minromachine  and  the  SS  Program:  The  opportunity  is  there  for 
micromachines  to  be  placed  into  sensors  in  support  of  the  SS,  but  the 
micromachine  technology  does  not  seem  to  be  as  directly  applicable  to  power 
generation.  As  shown  in  the  figure,  micromachines  enter  the  SS  design  later. 

Conclusions:  General  conclusions  were  that  rotating  machinery  and  fuel 
cells  could  support  higher  energy  applications  such  as  microclimate  cooling. 
Rotating  machinery  had  significant  signature  problems.  MEMS  was  seen  to  be 
best  suited  to  sensor  applications.  Most  Soldier  System  applications  require  only 
a  few  watts  of  power  and  can  be  handled  by  batteries.  Fuel  cells  appear  to  be 
the  most  desirable,  longer  term  solution. 

Recent  Accomplishments/Milestones:  The  ARPA  direct  methanol  fuel  cell 
program  demonstrated  that  multicell  DMFC*s  with  power  densities  approaching 
0.2  W/cm2  can  be  made.  The  SS  community  has  stated  unequivocally  that  they 
do  not  want  to  "wear"  engine  generator  power  systems.  The  ARO  1 50-250  W 
fuel  cell  program  has  lowered  cost  and  improved  the  performance  of  small 
hydrogen  systems.  Most  of  the  program  has  been  transferred  to  CECOM- 
Belvoir.  Both  ARL  and  CECOM  now  have  active  fuel  cell  programs  targeted  at 
small  FC's.  SS  designers  are  more  interested  than  ever  in  better  small  power 
systems.  "Better"  is  defined  as  increased  energy  density  and  power  density,  less 
expensive  per  unit  energy,  easy  to  use  (little  training  involved),  possesses  a 
remaining  energy  indicator  (REI),  safe  and  reliable,  and  less  disposal  problems. 

As  an  introduction  to  the  Group  discussions,  each  Working  Group  is  being 
provided  with  a  list  of  questions  and  thoughts  which  it  should  consider  while 
evaluating  its  particular  portion  of  the  Workshop  agenda.  The  Applications  Group 
should  address  scaling  laws  for  fuel  cells,  water  management,  start-up  time 
requirements,  and  commercial  applications  for  small  fuel  cells.  The  Alternative 
Technologies  Group  should  address  the  relative  development  status  of  non-fuel 
cell  technologies  over  the  past  several  years,  optional  technologies  to  hydrogen 
and  methanol  for  fuel  cell  power  production,  competitive  power  sources  to  fuel 
cells  for  this  particular  application,  and  the  time  frame  until  selected  technologies 
would  be  ready  for  use  in  the  field.  The  Key  Research  Issues  Group  needs  to 
assess  the  state-of-the-art  of  fuel  cell  components  and  systems,  prioritize  a  list  of 
show-stoppers,  and  assess  the  value  of  more  theoretical  approaches  to  research 
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ARO  Mobile  Battlefield  Power-Soldier  System  Focus 


ee  MOJBiAi 

lueisAs  j0!P|os/^eu!MOBLUojO!i^ 
d0MS>jJ0M 


a6p3  s.JOUJBM 
lequioQ  puBT  paouBApv 
S  IsnJMi 


aon-PO 

siiao  lanj 
doLjS>iJOM 


06  ujnqnv 

;U0UJSS8SSV  |,iu| 

ze  AON  ttJBMJna 

Ajau!L|OBy\|  Buiiepu 
doL|s>|JO/\A 

26  AbIAI  ujnqnv 
sauauBg 
doL|S>|JOM 

26  MBtn 

s.oiy 
doqs>iJOM 


06  PO  uiBqjna 
jdMOd  ppuaiueg  aiiqow 
doqsMJOM 


suoiido  A6o|oui]3ai 


c  "S  -  goo 

I  s  1 1 1  ”  1 


Mobile  Tactical  Battlefield  Power 
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Electrode  structures  to  increase  ootn  tne  numoer  ot 
cycles  and  depth  ot  discharge 

Application  of  nuclear  technology  optimized  to  Army 
needs 
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and  use  of  isotope  systems 

Nuciear  powered  systems  in  generai  have  a  dismai  pubiic  image 
Most  desirabie  isotopes  are  expensive 
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Before  widespread  applications  can  be  achieved,  public 
perception  of  nuclear  systems  must  significantly  change 


Advanced  Battery  R&D 
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Fuel  cell  technology  is  dual  use  —  in  addition  to  producing 
electricity  for  power  the  Soldier  System,  in  the 
embodiments  considered  in  this  workshop,  it  produces 


Small  Engines  for  the  Soldier  System 

9-11  Nov  1992 


■D 

C 

(0 


c  .'Ji 

—  ki 

O)  o 
c  -s 


E  <D 
(n  c 


f  ° 
>  0) 
O  (/) 

s.= 

o  I 
o 

.S  c 
•— 

0  o 

o  ■*- 
a 


(0 

</)  o 

I  ^ 

'(0  o 

3  C 

t;  o 


0) 

0)  0) 

==  ? 

CO  O 

E  o 
o  £ 


CO  ^  V 


0) 

O  . 


^  o 
a>  0 

Q.  ^ 


W  " 

c  I 
■  “  o 
0)  a)  °- 

>  E  ^ 

■;=  o  ^ 
u  o  E 

w  o  i 

£=  c 


0(^0 
E  £  O 

V  (0 

<1)  o  "- 
E  o  - 

o  8  £ 

^  ^  o 

CD  Q, 

=  «  E 

^  CO  — 


jO  CO 

3  C 
O)  0) 

£  E 
c 

<  2 

i'i 

O  0) 


> 
O)  O) 

c  o 

CO  o 
CO  c 
0)  ^ 

o  O 
C  0) 


o>  >. 
c  U) 

o 

Kl 

C  >'-C 

—  O)  o 

Vi 

■"  o  ^ 
>»  E  <i> 

w  “  I 

<  £ 


a> 

■o 

i  = 

E  w 

Q.— 

o  >. 

a>  o) 

"I 

■o  O 

^  "o 
Ui  0 

o  ^ 

O 

c  a> 

^  I 

£  £ 
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The  Soldier  System  designers  are  more  interested  than  ever 
in  better  small  power  systems. 
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•  What  commercial  applications  might  use  smali  fuei  celis? 


a 

y  3  o 

c  0)  0  H- 

CO  •— 

E  (/)  0)  "2 

O  £  ts  5 

^  ^  c 

0  ■  r>  0 

a  E  "o 

h-  o 

■C  o  "E  • 

.?co  ^  — 

j=  a-jj  ^ 

t-  a  c 
^  -3  i:  c 


0) 

(0 

0) 


3 

(/> 


O 

o 


c 

o 

in 


—  Q  ^  S 

Q.  E  W  2 
a**-  •=  ^ 

3  o  r  “■  0 

</)  C)  ^  ^ 

■o  o  o 

>*  c  2  o 
0  0  0  0*- 

XJ  Q-  o 

_  o 
(0 


o 

o 

o 


in 

o 

o 


CO  »r 


■o 

o 


o 

n 


> 

(0 


Q. 

O 


CO 


o 
> 

0  ^  ^ 

CO  2 

^  c 

E  CO  — 

^  o 

<  ■=  "S  - 

O  O  Q_ 

o  n  E  Q-0 

■C  CO  3  3  £ 
I-  ^  CO  ^ 


■o 

0 

0  O 
C  3 
T3 
CO  O 

O  Q. 


Working  group  2  -  alternative  technologies 

At  least  two  kinds  of  questions:  Have  any  other  (non-fuel  cell 
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wide  temperature  range,  and  be  attitude  insensitive. 


Working  group  2  -  alternative  technologies  (cont) 

•  What  alternative  technologies  are  the  strongest  competitors 
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Working  Group  3  -  key  research  areas 
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NATICK'S  FUEL  CELL  REQUIREMENTS 
FOR  THE  SOLDIER  SYSTEM 


Brad  S.  Laprise 

US  Army  Natick  RD  &  E  Center 


The  Generation  n  Soldier  System  Advanced  Technology  Demonstration  (GEN  II ATD)  is 
the  core  element  of  the  21st  Century  Land  Warrior  Integrated  Technology  Program  (21CLW 
ITP).  The  focus  of  the  21CLW  6.3a  ITP  is  to  link  the  individual  soldier  to  the  digitized 
battlefield,  establish  a  command  and  control  network,  and  provide  total  situational  awareness  and 
near  real  time  automated  targeting.  The  predecessor  to  21CLW  was  the  Soldier  Integrated 
Protective  Ensemble  (SEPE)  ATD,  the  first  soldier  system  oriented  research  and  development 
effort  (FY90-93).  SIPE  was  a  modular,  integrated  fighting  system  for  the  dismounted 
infantryman  designed  to  enhance  combat  effectiveness  while  providing  balanced  multiple  threat 
protection.  These  technologies  provided  major  improvements  in  individual/collective 
performance  at  night,  in  an  obscured  environment  and  in  a  chemical  environment  by  enhancing 
lethality,  command  and  control,  survivability  and  mobility. 

The  GEN  n  ATD  is  directly  liidced  to  and  fully  coordinated  with  the  following  21CLW 
FTP  programs: 

FO/FAC 
OICW 
MPIM 
ISM 
CIMMD 
AI^ 

HRDS  High  Resolution  Display  System  TD 

The  thrust  of  this  effort  is  the  infantry  soldier  in  a  temperate  environment.  The  GEN  11 
Soldier  System  will  develop  an  integrated  head  to  toe  individual  fighting  system.  The  goals  of  the 
GEN  n  ATD  are  to  show  improvements  in  lethality,  survivability,  command  and  control,  and 
mobility  in  demonstrations  in  FY96  and  FY98.  The  users  include  the  U.S.  Army  Infantry  School, 
U.S.  Army  Signal  School,  U.S.  Marine  Corps,  and  the  U.S.  Special  Operations  Command. 

The  GEN  11  Soldier  System  will  consist  of  the  following  five  major  subsystems: 

EHS  (Integrated  Headgear  Subsystem)  -  This  subsystem  will  include  communications,  a 
helmet  mounted  display  for  viewing  computer/sensor  ouputs,  an  integrated  night  \dsion 
device,  ballistic  protective  shell,  and  Respiratory  Protective  Component.  The  IHS  will 
interface  vrith  either/both  the  OICW  or  the  Modular  Weapon  System. 

ISC/R  (Individual  Soldier's  Computer/Radio)  -  This  subsystem  will  present  information 
via  a  color  hand  held  display  and/or  IHS  helmet  mounted  display,  data  storage  and 
transfer,  mapping  capability  and  video  capture/transfer.  It  will  also  support  voice 
communications,  mine  detection,  chemical  detection,  combat  identification  and  a  personal 
status  monitor. 


Forward  Observer/Forward  Air  Controller  ATD 
Objective  Individual  Combat  Weapon  ATD 
Multi-Purpose  Individual  Munition  TD 
Integrated  Sight  Modules  TD 
Close-In  Man-Portable  Mine  Detector  ATD 
Advanced  Image  Intensifier  TD 


WIS  (Weapon  Interface  Subsystem)  -  This  subsystem  will  consist  of  interfaces  with  the 
OICW  and  Modular  Weapon  System  although  the  GEN  n  Soldier  System  must  be 
compatible  with  additional  Light  Infantry  weapon  systems  used  by  the  soldier. 

MCCS  (Microclimate  Cooling  Subsystem)  -  This  subsystem  will  remove  300  watts  of 
metabolic  heat  from  the  soldier  for  four  hours. 

PS  (Protective  Subsystem)  -  This  subsystem  will  provide  multiple  threat  ballistic 
protection  to  selected  areas  of  the  torso  and  appendages  in  a  modular  design  at  a  20% 
weight  reduction.  It  will  also  provide  multi-spectral  signature  reduction  and  advanced 
load  bearing  capability. 

Of  the  five  subsystems,  the  Protective  Subsystem  is  the  only  one  which  does  not  require 
power.  While  the  remaining  four  do  require  power,  the  MCCS,  which  must  remove  300  watts  of 
metabolic  heat  from  the  soldier  for  four  hours  at  a  weight  of  ten  pounds,  is,  by  far,  the  largest 
consumer.  Taking  inefficiencies  of  the  system  into  account  and  assuming  a  COP  of  2.5,  the 
power  requirement  of  this  subsystem  is  approximately  150  watts  (600  watt-hours).  Thus,  it  is 
evident  that  the  requirements  for  the  MCCS  are  extremely  challenging.  A  ten  pound  system 
weight  suggests  a  four  to  five  pound  limit  on  the  weight  of  the  energy  source.  Presently,  we  are 
depending  upon  batteries  to  meet  this  requirement,  however,  we  are  also  turning  to  &el  cells  for 
technology  insertion  in  the  FY98  demonstration..  Since  this  program  will  not  specifically  develop 
energy  sources,  we  must  rely  on  government  technology  base  efforts,  as  well  as,  academia  and 
industry  fuel  cell  experts  to  help  us  meet  the  challenges  of  the  MCCS  and  the  Generation  n 
Soldier  System. 
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Q  Leverage  commercial  industry  to  develop  a 
lightweight,  rugged,  modular  and  affordable 
soldier  system 


Program  Components 
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FO/FAC  ATO  (USMC) 
Individual  Mine  Detection  TO 
Combat  10  TO 
Individual  Soldier  Power  TO 
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AWr  ?t  DBBL  is  the  Top  Level  Demo 

•  Platoon-level  demo  with  comms  up  to  Division 

•  Live  vignettes  for  training/.Jata  collection  iterated  with  same  vignettes  conducted  in  virtual 
simulations 

•  Culmination  in  free-play  force-on-force  live  exer  .:ise  iala  JPTC)  (Tentative) 


Top  LeVel  P^tTiohstration  (21 CLW  TLD 


Weapons  Interface  Subsystem  '  ^ 

will  link  the  Objective  Individual 
Combat  Weapon  and  other  #JiAl 
weapons  to  the  Gen  II  System. 


*  ^■Qhtweight  ballistic  shell  ' 

»  High  resolution  helmet  mounted  display 
rn^m:  •  Individual  soldier  imaging  system 

*  Communications  interface 

*  Respiratory  protective  component  ' 

Protective  Subsystem  will  provide  the 
full  range  of  threat  protection  at  20%  reduced 
SlnfeSK  weight,  in  a  modular  subsystem: 
fMnSf  I  •  Multi-threat  ballistic  protection  for  the  torso 

fl|n9 

m  •  Multi-spectral  signature  reduction  v  - 
V  •  Enhanced  chemicai/biological  protection  :r 

•  Advanced  load  carriage 


Individual  Soldier's  Computer/Radio  Subsystem  (2-4  Ibi 
is  the  link  to  the  digitized  network  and 
provides  real  time  information  through: 

•  Secure,  voice  controlled  intra  and  inter  J 

squad  voice/data  communications  0i 

•  GPS  &  Inertial  navigation,  digitized  maps  gM 

and  overlays  Im 

•  Information  management  (e.g,  call  for  fire)  ^ 

•  Video  capture  (thermal  and  daytime) 

•  Link  to  sensors:  Combat  ID 

Personnel  status  monitor  ^ 

t-'  .j-  -  -  Chemical  agent  detector  •  ■  ■ 

Mine  detection 


Microclimate  Cooling  Subsystem  will  deliver 
SOOw  of  cooling  for  4  hours  in  a  modular 
subsystem  weighing  under  1 0  lbs.  '  v 


The  Force  of  the  Future 


FOl?  WiORE  INF6rMAT|ON  CONTACT  :  Carol  J.  FitzgeraId^21CLW  TLD' Manager,’  SARD-TT,  DSN  225-1447, 

'(703)  695-1 447  OR  Patrick  R.  Snow,  Jr.,  GEN  II  ATD  Manager,  USA  Natick  RD&E  Cenler,  DSN  256-5436,  (508)  651-5436 


OBJECTIVE:  Demonstrate  the  enhanced  survivability  and  lethality  of  the  dismounted  soldier  through 

•  Total  situational  awareness  &  real  time  automated  targeting 

•  Linkage  to  the  digitized  command  &  control  network 

•  Enhanced  multiple  threat  protection 

•  Leverage  of  the  commercial  microelectronics  &  telecommunications  industries 

SCHEDULE:  1994  -GEN  II  Soldier  system  contract  award 

1995  •  Concq)t  Development 

1996  *  Interim  demo  to  ass^  critical  components  and  viability  and  compatibility 


1998 -Top  Level  Demonstration  .  .. 

APPROACH:  The  aiCLWUOts  opei^H^hally  focused  Ofi  the  U.S.  Army  Infantry,  the  U.S.  Marine  Corps  (In! 
and  the  U.$.  $peciai  Ogdons  Forces;  The  21CLW  TLD  builds  on  the  Soldier  integrated 
; ;  Proteclive£^m>leOT®iri98Srf992)andinte9r#§j5umer^4TpsendT0sofwld^ 


Integrated  Sight  Modules  TD 
(CECOM) 


Ltwt  Power  Forward  Observer/Forward  Air 
Technology  (ARL) _ Controller  ATD  (USMC) 


Close-in  Mine  Detection 
ATD  (CECOM) 


High  Resolution 
Display  System 
TD  (CECOM) 


Modeling  &  Simulation 
(DBBL/Natick/ARL 


Multi-Purpose  Individual 
Munition  TD  (MICOM) 


Objective  Individual  Combat 
Weapon  TD  (ARDEC) 


TRAC-WSMR) 


SILENT  ENERGY  SOURCE  FOR 
TACTICAL  APPLICATIONS 
(SIESTA) 

Walter  G.  Taschek 
U.S.  Army  CECOM 
Fort  Belvoir,  VA 


The  Soldier  System  includes  all  items/equipment  that  are  worn,  consumed 
or  carried  by  the  soldier  in  the  field  for  his  or  her  individual  use.  The 
development  of  a  power  source  for  the  Soldier  System  is  critical  if  the  required 
capabilities  are  to  be  obtained.  The  inherent  characteristics  of  fuel  cell  power 
sourcGS,  such  as  silane©  and  high  ©fficiGney,  mak©  th©m  prim©  candidatas  for  a 
Soldier  System  power  source. 

Projected  power  requirements  for  the  Soldier  System  vary  from 
approximately  50  watts  to  500  watts.  This  range  falls  largely  in  a  "Gray  Area"  for 
portable  power  sources  (see  figure);  for  low  power  or  short  duration  missions, 
batteries  are  suitable.  At  combinations  of  higher  power  or  longer  duration 
missions,  high  energy  density  batteries  of  today  are  too  heavy  and  costly. 

Engine  generators  are  not  suited  to  some  applications  due  to  signatures. 

The  U.S.  Army  Belvoir  Research,  Development  and  Engineering  Center 
now  CECOM-C2SID  identified  the  need  for  small  "Silent  Energy  Sources  for 
Tactical  Applications"  (SIESTA)  in  the  late  1970's.  SIESTA  was  intended  to 
complement  power  sources  being  developed  under  the  "Silent  Lightweight 
Electrical  Energy  Plant"  (SLEEP)  program  by  providing  power  sources  rated  from 
10  to  300  watts.  While  the  SLEEP  program  was  based  on  methanol  fueled 
phosphoric  acid  fuel  cells  in  the  1 .5-5.0  kW  range  (4,  5)  the  SIESTA  program  was 
oriented  on  using  metal  hydride  fuels  and  PEM  fuel  cells.  Prototypes  ranging 
from  three  watts  to  over  30  watts  were  successfully  demonstrated  using  calcium 
hydride  fuel.  When  the  SLEEP  program  was  ended  due  to  logistical  impacts 
associated  with  the  use  of  Methanol  fuel,  work  on  all  fuel  cell  programs  at  Belvoir 

ended. 


The  state-of-the-art  has  evolved  significantly  since  the  1970's.  In 
particular  the  Proton  Exchange  Membrane  (PEM)  has  progressed  to  a  point 
where  major  application  efforts  are  underway.  The  inherent  advantages  of  the 
PEM  Fuel  Cell  make  it  a  prime  candidate  for  individual  power  source 
applications.  These  include:  low  operation  temperature;  high  performance 
levels;  and  an  excellent  electrolyte  material  (6).  The  low  operating  temperature 
of  less  than  100  deg  C  provides  for  low  thermal  signature  and  rapid  startup.  It 
also  decreases  the  thermal  stress,  which  is  important  since  the  military  units  will 
be  subjected  to  hundreds  of  start-stop  cycles.  The  Army  Research  Office  has 
sponsored  PEM  fuel  cell  efforts  at  Analytic  Power  Corporation  aimed  at 
producing  lightweight  stacks  in  the  power  range  of  the  Soldier  System 
requirements.  The  Advanced  Research  Projects  Agency  (ARPA)  also  has  PEM 
fuel  cell  programs,  aimed  at  the  direct  utilization  of  liquid  hydrocarbon  fuels. 


The  required  capabilities  for  the  individual  soldier  depend  on  the  type  of 
soldier  and  the  mission.  The  Soldier  System  will  require  innovative  power 
sources  to  meet  requirements.  The  soldier  system  of  the  future  will  include  a 
wide  variety  of  power  consuming  equipment.  In  general,  the  electronic  devices 
are  low  power  consumers.  Their  required  power  is  currently  estimated  at  50 
watts.  Batteries  are  adequate  power  sources  for  most  missions  at  this  power 
level.  The  power  for  the  microclimate  control  equipment  is  150  watts  based  on  a 
COP  of  2.  The  current  requirement  for  the  dismounted  combat  soldier  is  a  72 
hour  mission  without  resupply,  including  12  hours  of  operation  in  a 
Chemical/Biological  contaminated  environment.  This  leads  to  a  power  source 
reasonably  sized  at  150  watts  that  will  provide  1800  watt-hours.  Total  allowed 
weight  of  the  microclimate  system  and  power  source  is  1 1  pounds.  A  program 
has  been  initiated  to  demonstrate  a  system  with  a  six  hour  mission  by  1 996  (900 
WHe)  and  an  eight  hour  mission  by  1998  (1200  WHe)  as  milestones  on  the  path 
to  the  desired  mission  of  twelve  hour  operation  over  a  72  hour  period  (1 800 
WHe). 


There  also  are  desired  capabilities,  not  as  well  defined  at  lower  and  higher 
power.  These  include  exoskeletal  devices,  weapons,  and  power  tools. 

Refuelable  power  sources  are  required  for  high  energy  missions.  Just  as  there  is 
no  one-size  engine  generator  set  in  the  field  that  will  meet  all  missiori 
requirements,  several  power  sources  for  the  individual  soldier  also  will  be 
required  to  handle  the  variety  of  soldier  missions. 

One  of  the  key  issues  associated  with  the  PEM  fuel  cell  work  is  the  source 
of  hydrogen.  Hydrogen  storage/production  is  being  investigated  by  almost  all  of 
the  organizations  involved  in  fuel  cell  research  and  development.  The  storage 
technologies  include  pressurized  gas,  liquid  hydrogen,  and  hydrides  (disposable 
and  rechargeable).  The  challenge  is  to  supply  the  hydrogen  in  a  safe,  lightweight 
package.  The  source  of  oxygen  can  also  be  important  for  military  applications. 
Most  systems  utilize  the  oxygen  from  ambient  air,  but  in  an  environment 
containing  salt  fog  or  chemical  agents  some  treatment  may  be  necessary  to 
protect  the  fuel  cell. 

Improvements  in  the  cell  stack  technology  are  expected  to  continue  and 
the  hydrogen  source,  for  the  near  term  is  expected  to  be  the  pacing  item.  The 
ARPA  work  on  hydrocarbon  fuels  could  offer  even  better  systems  in  the  mid  and 
long  term. 

The  Soldier  System  application  will  require  a  power  source  that  is  silent, 
low  in  signature,  able  to  operate  in  any  attitude,  safe,  and  cost  effective.  It  must 
not  interfere  in  any  way  with  the  soldier’s  ability  to  perform  the  mission.  Ease  of 
operation  and  simplicity  of  design  are  crucial  to  the  success  of  a  fuel  cell  system 
for  this  application. 


SILENT  ENERGY  SOURCES  FOI 
TACTICAL  APPLICATIONS 

(SIESTA) 
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Logistics  \ -  FuelCeli 


*  Energy  density  after  20  cycles  when  energy  density  stabilizes  at  about  50%  of  initial  value 
**  Power  density  during  short  periods  of  up  to  15  seconds. 


Conventional  Approach 
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Lower  thermal  signature 

>  Increased  applicability  of  fuel  cells  to 
additional  DoD  missions 
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Development  of  Membranes,  Fuel  Cell  Stacks 
and  Power  Modules 


Effect  of  Temperature  on  Performance  of 

DMFC 
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Properties  of  Oxygenated  Fuels 
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5.03 
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PERFORMANCE  OF  ALTERNATIVE  FUELS 


•  TRIMETHOXYMETHANE  IS  AN  ATTRACTIVE  ALTERNATE  TO  METHANOL 


fas' 


DMFC-026  7/94  C&P 


> 


(n 


o 

3 


o  S  o 


o  3 


fU 

N 


<D 


.2  "5 

-  E 

X  m 

o  P 


o  o 

^  ^  5 

g  Bsg  '■^*"— 

"D  (/)  3 
O  m  =w 

.-  o)  12^ 

3  C  ^ 
O'  0  Cd 
<1)  —  ,^ 
^  C3  2 
(1)  »C  ^ 
O  U) 

_  c 
^  ““ 
o  ^ 


05 

o 


c  j: 
o  a 

S  < 

<D 

- 

O  CD 

i«  JC 

'■5 

O  •- 

0)  — 
o  o 
cn 

(U  o 


C  <D 

JZ  h 
O  C^ 


CD  C 


O 

o 


2  CD  CD 

CC  ™  > 


CC  'c/5 


<0 

CX5 

o 

CT3 


CO 


CO 

CO 


o 

D.  ^ 


.2 

c 


o 

o 


o 

CO  Cd 


o  ^ 

~  Cd 


1™  ^ 

O  “D 

^  (D 
0  > 
a  o 

CD  a 
x:  c 


c 

CD  (d 


y  CD 


0 

> 

o 


Q.  £ 


O  O)-^ 
i-=  r“  O 
0  (d 

s  ^ 

o  “2  c 

B  esas  CS 


(n 

c  P 
^  Q 


(0 


CO 


0X5 

So  a; 


0 

> 

0 

C 

0 


0 


c 

Cl>  „ 
o  ^ 

■  ~  0 

^  O  o 

CO  C  CO  ■“ 

o  ■”  m  ^ 

^  0  3  (d  CO 

Is  s 

O—»x!C0  4- 

0  0  m  0  „ 

U)  3  g  s  <0 

0  3  m 

o  CO  “5  X5 

o  o  0  £  ■“ 

JZ  o 


O  CD 


0 

o 


CO 


> 

a  2 
0  ’o)^  £  3- 
3  o  2  0  > 
^ 

X3  >'  CD  "D  C 


Q. 

3 

I 

J0 

0 

O 

CO 


0 

4-' 

0 


0 


0  0 

a  0  ? 

>00 
0  ““  ■« 

E0  o 

^  0 


>  0 


S’E 

c  c 

•—  o 

ro—  c  ^ 

™  .E  g  o  « 

E  ro  are  o 
a;  5  E  ."S  £ 

x:  Q.  o  X  <u 

f-  O  O  O  "D 


S 

"O 

■aoa 

=  O 


0 

> 


o 

o 


0  c 

^  0 

O 

>2 
o  ^ 
c  o 

0  Q, 
O  C 


0 

^  0 
JZ  CO 

rTi  ^ 

■3  0 
C  o 
0  _ 

0  2 
o 
c 
0 


0 

o 


o 
t: 

0 
Q„ 

JZ  '5 

05  G“ 

"T®  0 


0 


applications.  Operation  of  PEM  and  SOFC  fuel  cell  stacks  on 
Hj/air  mixtures  at  greater  than  1  kW/kg  and  1  kW/liter  is 
possible. 


TECHNOLOGY  UPDATE  I 


/a/ 


TECHNOLOGY  UPDATE  SESSION  I 

Chairman:  Dr.  M.  Frank  Rose  (AUSPI) 


This  session  began  with  introductory  remarks  from  the  session  chairman 
reiterating  the  purpose  of  the  technology  update  sessions.  He  requested  that 
each  speaker  to  do  severai  things  during  the  three  sessions: 

•  Identify  the  state-of-the-art  (SOA)  in  the  near  term, 

•  Highlight  what  is  in  the  laboratory  now, 

•  Clearly  state  what  the  speaker  thinks  need  be  done  to 
advance  the  SOA,  in  small,  portable  fuel  cell  technology 
programs,  and 

•  Identify  key  technoiogical  issues  to  be  addressed  later  in  the 

Working  Group  discussions. 

This  session  was  organized  to  highlight  the  SOA  in  many  types  of  fuel  cell 
programs,  as  well  as  in  competing  battery  technologies  at  the  Army  Research 
Laboratory  (ARL).  The  lectures  presented  included  the  following: 

•  "Status  of  ARL  Battery  Programs,"  Dr.  Bob  Hamlen,  Army  Research  Lab 

•  "Proton  Exchange  Membrane  Fuel  Cells  -  Basic  Research  to  Technology 

Development,"  Dr.  Supramaniam  Srinivasan,  Texas  A&M 

•  "Fuel  Cell  Development  Program  for  the  Army,"  Mr.  Dave  Bloomfield,  Analytic 

Power 

•  "Overview  of  PEM  Fuel  Cell  Research  at  ARL,"  Dr.  Michael  Binder,  Army 

Research  Lab 

•  "Aluminum/Air  Semi-Fuel  Cells  for  Portable  Power  Applications,"  Dr.  Bhaskara 

Rao,  Explorex 

The  remainder  is  a  compilation  of  the  technical  material  as  submitted  to  the 
Workshop  organizers. 


PORTABLE  POWER  SOURCES 


R.  P.  Hamlen 
Power  Sources  Division, 
Army  Research  Laboratory 


The  key  areas  of  interest  in  the  area  of  portable  power  sources  are: 

•  Primary  Batteries 

•  Rechargeable  Batteries 

•  Reserve/Fuze  Batteries 

•  Pulse  Batteries  and  Capacitors 

•  Portable  Fuel  Cells 

•  Thermophotovoltaic  Power  Generation 

With  regard  to  primary  batteries,  there  are  two  main  interests:  (a)  the  next 
generation  primary  battery  to  follow  on  after  the  depletion  of  the  present  stock  of 
Li/S02  batteries,  and  (b)  a  battery  with  the  maximum  energy  density  for  limited- 
use  applications  such  as  the  microclimate  cooling  unit  for  the  Soldier  System. 

Rechargeable  batteries  are  becoming  relatively  more  important,  both  for 
Special  Operations  use  and  as  a  means  of  reducing  training  costs.  However, 
higher  energy  densities  are  necessary  to  avoid  the  need  to  carry  space  batteries 
during  an  8-hour  training  mission. 

Improved  lithium-based  fuze  batteries  are  required  to  remove  the  need  for 
lead-based  systems  and  to  enable  longer  operating  times. 

High-rate  pulse  batteries  and  capacitors  are  needed  for  electrothermal  gun 
applications,  and  for  heavy  engine  starting  and  for  electric  vehicle  acceleration. 
Recent  advances  have  been  made  at  ARL  in  electrochemical  capacitors  for  the 
latter  two  applications. 

Work  is  in  progress  on  improving  membranes  and  electrocatalysts  for 
PEM  fuel  cells,  in  order  to  provide  for  better  light-weight  fuel  cell  stacks. 

Thermophotovoltaic  power  generation  is  being  developed  as  a  means  of 
providing  silent  power  for  battery  charging  and  other  field  applications. 
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LITHIUM-MANGANESE  DIOXIDE 
PRIMARY  BAUERIES 


SAFETY,  LOW  TEMP  OPERATION.  SHELF  LIFE 
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ACQUISITION  COST  INCREASES  CAN  BE  EASILY  RECOVERED 
BY  SAVINGS  IN  BAHERY  COSTS  WITHIN  1  TO  3  YEARS 
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extended  abstract 


PROTON  EXCHANGE  MEMBRANE  FUEL  CELLS  - 
BASIC  RESEARCH  TO  TECHNOLOGY  DEVELOPMENT 


Suprainaniani  Srinivasan,  A.  Cesar  Ferreira,  Renaut  Mosdale, 
Shinichi  Hirano,  Seong  Min  Lee,  Felix  N.  Biichi  and  A.  John  Appleby 
Center  for  Electrochemical  Systems  and  Hydrogen  Research 
Texas  Engineering  Experiment  Station 
Texas  A&M  University  System 
College  Station,  Texas  77843-3402 


Interest  in  fuel  cell  systems  for  space  power,  power  generation,  el^tric  vehicle, 
Dortable  power,  remote  power  and  other  applications  started  in  the  late  1950s  and  was 
further  stimulated  by  the  energy  crisis  of  1973  and  by  the  increa^ng  environrnental 
problems  and  legislations  of  the  late  1980s  and  the  early  1990s.  Due  to  the  relative 
abundance  of  natural  gas,  there  is  a  great  stress  on  it  as  the  pnm^  fuel  for  fuel  ceil 
systems.  In  the  molten  carbonate  (MCFC)  and  solid  oxide  (SOFC)  fuel  ceU  systems,  this 
fuel  can  be  used  directly  with  internal  reforming  in  the  anode  chambers  (due  to  the  high 
grade  heat  produced  because  of  the  irreversible  losses  in  the  fuel  cell).  However,  for  the 
low  and  intermediate  temperature  fuel  cell  systems,  (proton  exchange  membrane  fuel  cell  - 
PEMFC,  alkaline  fuel  cells  -  AFC,  phosphoric  acid  fuel  cells  -  PAFC),  natural  gas  will 
have  to  be  converted  to  high  purity  hydrogen,  which  gas  will  thus  be  the  ano^c  reactant. 
Due  to  the  high  specific  energy  and  energy  density  of  methanol  (about  half  as  that  ot 
gasoline  or  diesel  fuel),  there  is  great  interest  in  developing  direct  methanol  cells 
(DMFCs)  for  the  electric  vehicles,  portable  power  and  remote  power  applicanons.  Though 

the  theoretical  thermodynamic  efficiencies  (er  =  AG/AH)  for  fuel  cells  are  relatively  high 

(6r  >  80%),  the  practical  efficiencies,  during  power  generation,  are  considerably  less  (e  = 
35  to  50%),  because  of  the  slowness  of  the  electrode  reactions  (activation  oyerpotential), 
mass  transport  limitations  (concentration  overpotential)  and  dectronic/ionk  r^^tances 
(ohmic  overpotential).  For  the  low  and  intermediate  temperature  fuel  cells  (PEMFC,  AFC, 
PAFC  and  DMFC),  activation  overpotential  is  the  main  cause  of  efficiency  losses,  while 
for  the  high  temperature  fuel  cells  (MCFC  and  SOFC),  mass  transport  and  ohmic 
overpotentials  play  a  predominant  role. 


For  the  portable  power  applications,  the  low  temperature  fuel  cells  (PEMFC,  AFC 
and  DMFC)  are  the  desirable  candidates.  In  order  to  attmn  high  energy  efficiencies  and 
high  power  densities,  which  are  essential,  reduce  the  weight  and  volume  of  the  fuel  cell 
power  sources  for  these  applications,  it  is  vitally  necessary  to  minimize  activatiori,  mass 
transport  and  ohmic  overpotentials.  When  using  organic  fuels  (steam-refc^ewshiit- 
converted  or  direct)  as  the  anodic  reactant  and  air  as  the  cathodic  reactant,  the  PEMFCs  and 
PAFCs  have  clear  advantages  over  the  AFCS.  Until  the  present  time,  the  energy 
efficiencies  and  power  densities  in  a  DMFC  have  been  relatively  low  because  of  signifwant 
activation  overpotentials  at  both  the  anode  and  the  cathode,  while  great  strides  have  been 
made  in  the  attainment  of  high  level  performances  in  PEMFCs  with  H2  and  air  as  reactants. 


The  R&D  activities  at  Texas  A&M  University  cover  the  spectrum  of  basic  research 
to  technology  development  on  PEMFCs.  The  highlights  of  the  accomplishments  on  these 
activities  are  summarized  as  follows: 


(i)  first  demonstration  of  nearly  equivalent  performances  in  PEMFCs  with  ten 
times  lower  loading  of  platinum  than  in  the  state-of-the-art  PEMFCs  (i.e.,  0.4  vs.  4.0 
mg/cm^  of  Pt)  by  Nafion  impregnation  of  the  electrode; 

(ii)  localization  of  platinum  near  front  surface  electrodes,  by  using  a  higher 
percentage  of  platinum  on  carbon  (20  or  40%  Pt/C  rather  than  10%  Pt/C  as  in  state-of-the- 
m  phosphoric  acid  or  alkaline  fuel  cells)  and  by  sputter-deposition  of  a  thin  layer  of 
platinum  on  the  front  surface  (0.05  mg/cm^),  to  minimize  mass  transport  and  ohmic 
resistances  in  the  active  layer,  which  is  necessary  to  attain  high  current  densities; 

(iii)  enhancing  the  utilization  of  platinum  by  optimization  of  the  structure  and 
composition  of  the  electrodes  -  use  of  microgram  levels  of  Pt  and  alternate  electrocatalysis 
and  using  the  optimum  amount  of  Teflon  in  the  electrode; 

(iv)  optimization  of  the  hot-pressing  conditions  of  the  Nafion^impregnated 
electrc«3es  and  of  the  operating  conditions  -  humidification  of  hydrogen  at  10  C  higher  mg 
of  oxygen  or  air  at  5°C  higher  than  the  cell  temperature  and  pressunzation  to  attain  high 
energy  efficiencies  and  power  densities; 

(v)  selection  and  evaluation  of  alternate  proton  conducting  membranes  and 
correlating  electrochemical  performances  of  PEMFCs  with  the  physico-chemical  properties 
of  membranes; 

(vi)  development  of  a  micro-electrode  technique  to  determine  electrode  kinetics 
of  fuel  cell  reactions,  and  of  mass  transport  parameters  of  fuel  cell  reactants  in  membr^es. 
Experiments  were  also  conducted  in  single  cells  using  steady-state  and  transient  techniques 
to  give  simUar  data.  The  electrode  kinetic  parameters  were  shown  to  be  nearly  the  same  for 
the  micro-electrtKies  as  for  the  non-crystallites  of  Pt  supported  on  carbon  in  the  fuel  cell 
electrode; 

(vii)  an  experimental  and  theoretical  mass  transport  analysis  with  02/He,  02/Ar, 
O2/N2  gas  mixtures  as  the  cathodic  reactant  to  demonstrate  that  increase  in  the  slope  of  the 
E  vs.  i  plot  is  due  to  mass  transport  in  the  active  layer  and  that  the  departure  from  line^ty 
of  the  E  vs.  i  plot  is  due  to  water  films  or  droplets  in  the  diffusion-substrate  layer,  which 
thus  impedes  the  transport  of  the  cathodic  reactant.  The  mass  transport  losses  were  lower 
with  He  than  with  Ar  or  N2  as  inert  gas.  More  recently,  it  was  shown  that  an  empin^ 
equation  E  =  Eq  -  b  logi  -  Ri  -  m  exp  (ni)  excellently  fits  the  experimental  cell  potential  (E) 

vs.  current  density  (i)  data; 

(viii)  experiments  to  show  that  there  is  no  net  transport  of  water  from  the  anode  to 
cathode  during  PEMFC  operation; 

(ix)  modeling  analysis  of  cooling  methods  and  experimentally  showing 
advantages  of  the  evaporative  cooling  method  which  also  serves  the  purpose  of 
humidification,  with  air  -  the  cathodic  reactant; 

(x)  engineering  design  and  scale-up  leading  towards  multicell  stack 
developments  of  PEMFC  (1  to  10  kW)  with  low  platinum  loading  electrodes;  and 

(xi)  an  experimental  analysis  of  PEMFCs  illustrating  the  electrocatalytic  and 
depolarization  problems  in  PEMFCs  using  methanol  directly  as  the  fuel. 


CO 

hJ 

rj 

^  O 


m 

iii 

w 


o 
o 

U  H 
^  W  Z 
H  W 

PQ  o  S 

s  g  S 

W  ^  O 

w  Pil  > 

O  <  S 

Z  W  Q 
<1  ^ 

S  S 

o  c^ 

X  u 
W  w 
X  < 

o  PQ 

H 

o 

c^ 

Ph 


o 

a 

c3 

V-i 


xi 

o 

a  ^ 

•>-H  ^ 

XJ  o 

^  a. 

(D 

Id  < 
c 

g  ^ 

3  o 


g  ^ 

!5 

cd  o 

•f^  ^ 

(D  no 

t:  . 

(D  >7" 

cd 

CO  <D 
<D  [ij 

u  . 

.  <D 

*  C 
C3 

<n  ^ 

CO 

cd 
> 


C 

'C 

CO 

s 

cd 

•  1-H 

a 

cd 


cd 

v-< 

a. 

p 

CO 


bX) 

c 

o 

<D 

CO 


o 

cd 

(D 

CO 

(D 

p:^ 

o  c 

bO  O 

o 

TD  4-* 

>.  CO 

ffi 


T3 

C 

cd 

CO 


C 
(D 

s 

a 
B  ^ 

<D  X 

w 

^  bD 
CO  c 

Id 

3  o 

s  .s 

<D  bD 
^  C 
o  m 
o 

CO 

^  X 
0) 

m  H 

Vh 

<a 

Vh 

<D 

4— > 

c 

<u 

U 


(N 

s  § 

S  CO 

X  I 
^  CO 
?o  -r:}- 

co  oo 

4—* 

•  ^ 

^  rrt 
D  Cd 

■s  g 

D  ^ 
„  c 

5^  .2 

4— > 

Cd 

4— » 

CO 

(D 
bD 

3 
'o 
U 


< 

CO 

cd 

X 

<D 

H 


(D 

r-H 

cd 

O 

Cu 


CO  >> 


> 


o 


Durham,  North  Carolina 
October  31  -  November  3,  1994 


PROTON  EXCHANGE  MEMBRANE  FUEL  CELLS  - 
BASIC  RESEARCH  TO  TECHNOLOGY  DEVELOPMENT 


00 

U 

HH 

CIh 

O 

H 


n  c: 
^  cd 

o 

a>  o 

W  <D 

_ ,  • 

'Td  o 

s  s 

C3  <+-( 


CD 

£ 


2  ^ 
^  CD 
£  C 
(D  ^24 

s  ^ 


cd 
C 

o 


T3  ^ 

c  ^ 

cd  c3 

^  4— A 

C/)  4— J 

■S  < 
9  '-'■' 

V»=<  f*^ 

■4«'^ 

O  Q-) 
CD 


W  2 


<D 


00 

CD 


00 

u 

PD 


O  Ph 

£  ^ 

Sid  CD 

00  ^ 
PP  q 

O 

jd  I 
O  00 
•Id  <D 
cd  -dn 
N  dd 
*  ^  (** 
£  S 

CD 

CL  00 


£ 

(D 

Id 

C 

.2 

"■t— < 

cd 


00 

CD 


c/D 

c 

CD 


(li  O  <  Q 


Techno-economic  Challenges 
Acknowledgements  -  Sponsors,  Former  Coworkers 


> 


Modes  of  Utilization  of  Natural  Gas  in  Fuel  Cells  and  Fuel  Cell  Applications 
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Weight  -  lb 
hydrogen 

oxygen 

source 

02  GAS 
14.9 

CRYO  02 
37.4 

HN03 

9.5 

K02** 

8.0 

H202 

5.5 

NaCI03 

6.8 

H2  GAS 

5.2 

14.7 

13.2 

10.8 

12.0 

CRYO  H2 

3.6 

18.5 

41.1 

13.1 

11.7 

9.2 

10.4 

MET  HYDR 

50.0 

64.9 

87.4 

59.5 

58.0 

55.5 

56.8 

NaBH4 

1.4 

38.8 

10.9 

9.4 

6.9 

8.2 

CaH2 

3.1 

17.9 

40.5 

12.6 

11.1 

8.6 

9.9 

BAR 

2.7 

17.6 

40.1 

12T^ 

10.7 

8.3 

9.5 

AI/NaBH4 

1.7 

16.6 

39.1 

11.2 

9.7 

7.3 

8.5 

N2H4 

2.3 

17.2 

39.8 

11.8 

10.4 

7.9 

9.1 

NaBH4** 

4.0 

18.9 

41.4 

13.5 

12.0 

9.6 

10.8 

CaH2** 

5.7 

20.6 

43.1 

15.2 

13.7 

11.3 

12.5 

AI/NaBH4** 

4.1 

19.0 

41.5 

13.6 

12.1 

9.7 

10.9 

water  adc  lb 


Volume  in3 
hydrogen 

oxygen 

source 

02  GAS 
197 

CRYO  02 
531 

HN03 

114 

K02** 

328 

H202 

107 

NaCI03 

75 

H2GAS 

382 

578 

710 

488 

456 

CRYO  H2 

179 

375 

709 

292 

507 

285 

253 

MET  HYDR 

156 

353 

687 

270 

484 

263 

231 

NaBH4 

39 

235 

570 

153 

367 

145 

113 

CaH2 

45 

241 

576 
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373 

151 

119 

BAR 

56 
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169 
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130 
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26 

222 

556 
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132 

100 

N2H4 

65 

262 

596 
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112 

309 

643 

226 
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219 
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CaH2** 

118 

315 

649 

232 

446 

225 

193 

AI/NaBH4** 

92 

289 

623 

206 
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199 

167 

water  adc  in3 
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Table  1. 


Phvsical/chemical  properties  of  chemically  and  gas  plasma 
treated  carbon  blacks  and  the  particle  size  of  platinum 
deposited  on  them. 


TREATMENT 


CHEMICAL  GAS  PLASMA 
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PEM  CHARACTERIZATION/EVALUATION 
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Effect  of  Irradiation  on  AC  Conductivity  of 


Temperature  (Deg  C) 
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PEM  SYNTHESIS 

POLYPHENYLENES 
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Higher  Operating  Temperatures 
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RIGID-ROD  POLYPHENYLENES  HAVE 
UNUSUAL  MECHANICAL  PROPERTIES 


-  TENSILE  MODULUS  1.5  MSI 

-  TENSILE  STRENGTH  35  KSI 

-  HARDNESS  ROCKV/ELL  K  98 


IONIC  RIGID-RODS  MIGHT  HAVE 
UNUSUAL  TRANSPORT  PROPERTIES 

H+  H+ 

^°3-  SO3- 

R  R 


-  HIGH  IONIC  CONDUCTIVITY 
■  LOW  FUEL  PERMEABILITY 


Maxdem  Incorporated 


"Polyphenylene  SPEs' 


MUST  NOW  DEVELOP  STRUCTURE 
RELATION  AND  TEST  REAL  FUEL  CELLS 


PRUPl 


Maxdem  Incorporated 


OBJECTIVES 


1.  Develop  new  polyelectrolyte  materials  with  low  methanol 

permeability.  The  new  materials  will  be  used  as 
membranes  and  binders  for  direct  oxidation  methanol 
fuel  cell  application. 

2.  Synthesize,  characterize  and  optimize  the  membrane  and 

binder  materials  in  the  areas  of  film  strength,  ionic 
conductivity,  methanol  permeability  and  water 
uptake. 

3.  Demonstrate  a  composite  membrane  for  direct  methanol 

fuel  cell  application. 


the  sulfooated  products  of  polyether-ether-ketoae 
(PEEK)»  PEEK  is  widely  used  high  performance 
engineering  polymer,  available  at  a  reasonable 
price,  Sulfonation  mechanism  shown  below. 


The  conductivity  depends  on  the  degree  of 
sulfonation.  The  degree  of  sulfonation  is  time  and 
temperature  dependent. 

b.  The  mechanical  properties,  dimensional  stability  and 
methanol  permeability  of  the  films  are  dependent  on  the 
de<^ree  of  crvstallinitv  and  degree  of  crosslinking. 
Mechanism  of  crosslinking  reaction  shown  below: 


RFSFARrH  PROGRESS 


Feasibility  study  of  H-SPEEK  as  a  candidate  for  a  proton 
conducting  membrane 

a.  SulfonationofPEEK 'vas  accomplished. 

b.  Crosslinked  films  were  prepared  from  the  samples  that 
were  soluble  in  acetone. 

c.  The  conductivities  of  the  samples  were  measured  by 
Dr.  S  Naryanan.  Preliminary  results  are  listed  below. 

.  conductivity  comparable  to  commericial  Nafion 
.  highly  crosslinked  films: 

-good  mechanical  properties 
-high  temperature  stability 
-low  conductivity 

-stable  in  pure  methanol  and  methanol/water 
solution 
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Aluminum/Air  Semi-fuel  Cells  for 
Portable  Power  Applications 

Explores  ?nc*!^rFinohl^°CoSt ,  Southampton,  NJ  08088. 

ur-tir.  ren.*'ife  =/:r  tS;  -  ™ 

tht  recent  advances  in  this  field  and  to  show  its  potential 
the  development  of  man-portable  power  source. 

s  “S-tss-s  sr=;,:;r 

“uS  SH‘=s:Sf AS 

dLn-^Vl"  ng  o/cell  current  (A,  “P^^t  «a™t2d 
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electrolyte  at  water  version  is  suited  for 
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ALUMINUM-AIR  SEMI-FUEL  CELL  FOR 
PORTABLE  POWER  APPLICATIONS 


Presentation  at  Prospector  VII  Workshop 
October  31  -  November  3,  1994 


BY 

Dr.  BHASKARA  M.L.  RAO 
EXPLOREX  INC. 

6  FINCHLEY  COURT,  SOUTHAMPTON,  NJ  08088 

FOR 

YARDNEY  TECHNICAL  PRODUCTS  INC. 

82  MECHANICS  STREET,  PAWCATUCK,  CT  06379 


FORMAT  OF  PRESENTATION: 

•  Al/Air  Cell 

•  History  &  Materials 


•  Man-Portable  Modes  of  Application 


•  Proof-of-Concept  Discussion 

►  NSWC-  SOFLAM  Module 

►  USSOCM-  SBIR,  Phase-1 

►  Re-usable  Field  Recharger 


•  Summary  &  Conclusions 


Electrons  from  on 
,  current-coltecting 
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Schematic  Operation  of  an  Aluminum-Air  Battery 
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RECENT  ADVANCES  IN 
MATERIALS  AND  COMPONENTS 


High  Efficiency  Aluminum  Anode 


Low  Cost  Air  Cathode 


New  Saline  Electrolyte  for  Re-usable  Cell 


Solids-free  alkaline  cell 


Al/AIR  SOFLAM  MODULE 
(NSWC,  Crane,  IN.) 


Requirements 

•  Man-Portable 

•  10  Amps,  20-28V,  5-Min  on/  1-Min  off 
3  Pulses  over  15  Min. 

•  Reduced  Wt.  &  Vol.  over 

Four  standard  BA5590  (9  lbs,  3.6  liters) 

Al/Air  Conceptual  Design 

►  Modular  Design 

4  Cells  in  each  module  (6V  OCV) 

5  Modules  in  series  (30V  OCV) 

►  Dry  Stored  Collapsible  Modules 

►  On-site  Expansion  and  Activation 
Proof-of-Concept 

•  4  Cell  module  demonstrated 


Single  Cell 


0.25”  X  3”  X  8” 


COMPARISON  OF 

PROJECTED  WEIGHT  AND  VOLUME 


Power 

Weight 

Volume 

Source 

(kg) 

(Liters) 

Al/Air 

(Dry,  Collapsed) 

1.4 

2.4 

4  BA5590 

4.2 

3.6 

DESIGN  MODELING  RESULTS 


•  One-shot,  Alkaline  System  Preferred 

To  Optimize  Weight,  Volume  and  Power 

•  Fixed  Volume  Satck 

•  Two  Design  options  Examined 

1.  18  Cell  Al/Air  3.2  Kwh 

4.5"  X  5"  X  14.4"  5.3  liters 

2..  16  Cell  Al/Air  -  NiCd  Hybrid  2.8  Kwh 

4.5"x5"  xlS.l"  5.51iters 

•  Hybrid  Favored  to  Accommodate  Higher  Power 
Requirement  For  Satellite  Communication 


ob 


SCHEMATIC  OF 

16  CELL  Al/AIR  -  NiCd  HYBRID  SYSTEM 


(a)  aovnoA  ahs 


COMPARISON  OF  3.2  kWh  Al/AIR  WITH 
BB5590  LITHIUM  BATTERY 


Battery 


BA5590/U 


Energy  #  of  Units  to 

Per  Unit  Match  3.2  kWh 

(Wh)  Al/Air 

144  22 


Comparison  on  Weight  Basis 
Al/Air  Weight:  ~3  kg  (Drv  wt.  Stack+saltl 

Battery  Weight  (kg)  Al/Air 

for  3.2  kWh  Figure-of-Metrit 

BA5590/U  23.3  7 


Comparison  on  Volume  Basis 
Al/Air  Volume:  ~6  liters  (Stack+salt) 


Battery  Volume  (I)  Al/Air 

for  3.2  kWh  Figure-of-  Merit 


BA5590/U 


19.6 


3 


Al/AIR  SY 
NiCd& 


Aluminum-Air  Field  Recharger 

600  Watt-Hours,  6  Volts  Secondary  Battery  Recharger 
Recharges  a  fully  discharged  BB490,  BB590.  BB690  In  4  to  5  hours.  (7  +  cycles) 


Advantages _ 

.  Silent 

.  No  Maintenance 
.  Light  Weight 
.  Long  Shelf  Life 
.  Water  Activated 
.  Disposable 

.  Environmentally  Friendly 


Smart  System  _ 

.  Recharges  fast  and  safely 

.  Shows  charge  status 

.  Automatically  switches  to 
maintenance  charge  mode 

.  Reusable  Power  Module 
.  Detects  faulty  Battery 
.  Provides  correct  charge 
independently 


CHARACTERISTICS 


battery  weight  -  4  lbs.  (1.8  kg) 
DIMENSIONS  -  9”  x  5”  x  8”  (5.2  I) 
VOLTS  On  Charge  -  29  V 
AMPS  On  Charge  -  650  ma 


POWER  MODULE  - 116  (45g) 
SALT  BAG  - 1/2  lb.  (290g)  each 
ENERGY  DENSITY  -  294  Wh/kg 

102Wh/l 


TEST  RESULTS  &  RECOMMENDATIONS 


Govt.  Testing  at  NSWC.  Crane,  IN. 

Partially  &  Filly  discharged 
2  Ah  BB590/U,  3  Ah  Super  NiCd  & 

1.8  Ah  BB490/U  Successfully  Tested 


irSASOr  FiplH  Test  hv  Soldiers  &  Recommendation 


Praised  performance. 

Recommended  packaging  the  device  as 
separable  smaller  modules  for  ease  of  packing. 


F.valiiation  Report  statemeni 


Al/Air  Technology  is  a  "substantial  improvement  "and 
it  has  "extremely  promising  potential." 


TECHNOLOGY  UPDATE  II 


TECHNOLOGY  UPDATE  SESSION  II 

Chairman:  Dr.  Bob  Guenther,  ARO 


The  session  began  with  introductory  remarks  by  the  Chairman 
commenting  on  the  diversity  of  approaches  to  be  discussed  in  this  session.  The 
topics  ranged  from  an  analysis  of  system  integration  aspects  of  fuel  cell  devices, 
to  modeling  of  fuel  cell  systems,  to  electrochemistry  aspects  of  fuel  cell  electrode 
materials  and  electrochemistry  issues  of  FC  systems,  to  reports  on  studies  made 
of  subsystems  for  these  small  portable  fuel  cells.  An  interesting  report  was  given 
on  an  innovative  laminar  structure  concept  (zero  crossover  direct  methanol  fuel 
cell)  under  development  by  one  researcher. 


The  lectures  presented  included  the  following: 

•  "System  Integration  Aspects  of  Small  Portable  Devices,"  Dr.  Scott  Hynek, 

Arthur  D.  Little 

•  "Energy  Storage:  Manpack  Hydrogen  Tanks,"  Mr.  Ira  Kuhn,  Directed 

Technologies,  Inc 


•  "Oxygen  Storage  Systems,"  Mr.  Jerry  Chodil,  Ball  Aerospace 

•  •  "Direct  Methanol  PEM  Fuel  Cell  Development,"  Dr.  Bob  Savinell,  Case  Western 

Research  Institute 

•  "Evaluation  &  Modeling  of  PEM  Fuel  Cells,”  Dr.  Ron  Mann  ,  Royal  Military 

College  of  Canada 

®  •  "Electrodeposition  of  Nafion  on  Electrode  Structures,"  Dr.  Bruce  Tatarchuk, 

Auburn  University 

•  "Innovative  Laminar  Structure  Concept,"  Dr.  Eugene  Smotkin,  Illinois  Institute  of 

Technology 


The  remainder  of  this  section  is  a  compilation  of  the  technical  materials  as 
submitted  to  the  Workshop  organizers. 
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SYSTEM  INTEGRATION  ASPECTS 
OF  SMALL  PORTABLE  DEVICES 


Scott  Hynek 
Arthur  D.  Little,  Inc. 

Cambridge,  MA 

ADL's  specific  expertise  in  portable  fuel  _  cell  system 
integration  derives  from  performing  an  extensive  preliminary  desig 
for  the  SNORKLER  solicitation.  Additionally,  we  have  a  subs  a 
background  in  large  system  integration,  and  plenty  of  experience 
designing  portability  into  military  systems. 

For  example,  we  designed  the,  load-bearing  components  of  the 
soldier  integrated  Protective  Ensemble  ^^IPE)  and  are  integrating 
the  load-bearing  components  and  the  armor  of  the  21  Century 
Warrior  -  Generation  II.  We  recently  designed  a  hand  held  mass 
spectroraeter  for  astronauts  to  use  in  constructing  the  space 
station,  to  detect  leakage  and  personal  _  contamination.  We 
re-designed  the  head  mount  for  the  Night  Vision  System,  to  perm 
the  user  to  use  it  while  moving. 

A  systems  integrator,  like  a  symphony  conductor ,_ should  be  a 
generalist.  A  conductor  should  be  able  to  play  all  instri^en  , 
tholah  he  need  not  play  any  of  them  as  well  as  the  musicians  he 
conducts.  Similarly,  a  systems  integrator  needs  to 
about  the  design  of  each  component  to  set 
volume,  and  power  consumption  goals  for  each;  to 
operating  points;  to  provide  for  the  needs  (power,  feedstream, 
discharge,  etc.)  of  each  component;  and  to  determine  a  suitable 
control  architecture  for  the  entire  system. 

A  systems  integrator  may  be  called  upon,  in  the  course  of  ^ 
design,  to  define  tradeoffs  that  permit  the  customer  to 
system  specifications.  For  example,  once  the  design  has 
to  the  point  that  the  system  integrator  can  quantify  the 
relationship  between  the  maximum  ambient  operating  temperature  ano 
the  operating  duration,  he  should  describe  that  relationship  to  the 
customer  so  that  the  customer  can  select  the  co^ination 
operating  temperatures  and  duration  that  best  suits  his  needs. 

A  systems  integrator  should  provide  visual  context  to  the 
customer  and  to  the  component  suppliers.  Both  need  to  see  system 
layout  drawings  from  the  very  beginning,  and  both  are  even  better 
served  by  a  three-dimensional  system  mockup. 

Portable  fuel  cell  power  systems  present  special  challenges  to 
the  system  integrator.  In  addition  to,  the  obvious  '=hall®nges  (low 
weight,  low  bulk,  ruggedness,  reliability,  and  low  noise)  there  are 
concerns  with  respect  to 

.  water  management  -  the  process  air  stream  needs  water  to  keep 

the  fuel  cell  membrane  hydrated,  the  chemical  hydride  system 

needs  water  as  a  feedstream,  the  fuel  cell  makes  water  as  an 


inescapable  consequence  of  its  operation,  and  any  surplus 
water  cannot  be  visible  if  the  fuel  cell  power  supply  is  to 
operate  clandestinely; 

thermal  considerations  -  the  chemical  hydride  system  must  be 
cooled,  the  metal  hydride  system  must  be  heated,  the  fuel  ceil 
stack  can  only  generate  full  power  once  warmed  up,  and  the 
fuel  cell  stack  must  be  cooled  if  the  ambient  temperature  is 

high; 

modes  of  operation  -  storage,  transport,  standby,  startup, 
low-power,  and  high-power; 

safety  (during  transport,  setup,  and  refueling) ;  and 


determining  the  remaining  capacity  in  each  fuel  system. 


Though  the  fuel  cell  stack  deserves  and  gets  most  of  the 
attention,  there  is  much  more  to  a  portable  fuel  cell  power  sytem 
than  the  stack  alone.  The  system  integrator  must  package  and 
control  the  stack  along  with  primary  and  secondary  batteries, 
process  and  cooling  air  fans  and  ducting,  various  hydrogen  sources, 
the  water  reservoir  and  pump,  and  the  moisture  exchanger. 


In  summary,  a  portable  fuel  cell  power  supply  will  meet  its 
weight,  bulk,  and  duration  goals,  and  operate  safely  and  reliably, 
only  if  the  system  integrator  has  done  his  job  well. 
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sli  Power  Systems:  More  than  a  Fuel  Cell  Stack 
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Example:  Water  Management 
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Rechargeable  Battery  Voltage  Output  at  Va 
States  of  Charge 


ENERGY  STORAGE:  MANPACK  HYDROGEN  TANKS 


Ira  F.  Kuhn,  Jr. 

Directed  Technologies,  Inc 
4001  N.  Fairfax  Drive,  Suite  775 
Arlington,  VA  22203 


The  author,  in  collaboration  with  two  additional  authors,  Brian  D. 
and  George  N.  Baum,  conducted  a  study  and  submitted  a  report  to  the  U.  S. 

Army  Research  Office  (ARO)  on  this  particular  subject,  ^hat  unclassified  report, 
a  Phase  I  Final  Technical  Report,  entitled  "High  Pressure  Hydrogen  Supply  for  ^ 
Increased  Fuel  Cell  Efficiency,"  was  completed  for  ARO  on  Septeniber  30, 1993. 
The  report's  abstract  is  included  as  an  added  reference  for  the  reader. 

Ph^^.qp  I  Final  Report  Abstract:  "Fuel  cells  are  being  considered  by  the 
Army  for  future  individual  soldier  power  supplies.  These  power  units  are  to  be 
liohtweiqht,  compact  and  suitable  for  use  on  the  battlefield.  A  compaa, 
liqhtweight,  safe  source  of  pure  hydrogen  (and  possibly  pure  oxygen)  is  urgently 
needed.  The  report  examines  a  series  of  hydrogen/oxidant  storage  systems 
GH2/Air  (0  psig  and  15  psig  fuel  cell  operation),  GH2/G02,  LH2/Air  (0  psig  and 
15  psig  fuel  cell  operation),  and  LH2/LOX.  Compressed  gas  storage  pressure  is 
van’ed  from  3,000  psi  to  15,000  psi.  Systems  holding  sufficient  H2/oxidant  for  2.4 
kW-hrs  of  fuel  cell  power  are  examined.  An  air  compressive  system  operated  by 
the  expansion  of  high  pressure  gases  is  conceptually  designed  to  allow 
"supercharging"  of  the  fuel  cell  stack.  System  gravimetric  and  volumetric  energy 
density  is  calculated  for  all  system  architectures." 

A  detailed  technical  report  on  various  gas  compression  systems  has  been 
completed  in  recent  years,  and  the  use  of  compressed  hydrogen  gas  was  one  of 
the  proposed  options  in  that  report.  The  author  reviewed  the  rationale  and 
recommendations  which  were  used  to  reach  the  conclusion  that  compressed 
hydrogen  gas  was  a  viable  option  for  manpack  power  systems  for  the  individual 
soldier.  Specific  tank  storage  requirements  were  discussed,  and  a  chart 
displayed,  which  showed  the  relevance  of  producing  a  power  system  which  could 
deliver  5  kW-hrs  of  energy  storage  from  a  pressurized  manpack  hydrogen  tank. 
The  tank’s  designed  energy  storage  data  was  based  upon  the  ff  sumption  of  a 
Hydrogen/Air  fuel  cell  burn  rate  of  0.124  lb  H2/kW-hr  (.62  lb  of  H2  for  5kW-hrs). 

A  chart  depicting  the  pressure-density  relationship  for  compressed  hydrogen  was 
briefly  explained  to  support  the  parameters  used  in  the  tank  design.  The  author 
referred  the  Workshop  participants  to  the  full  report  for  any  additional  details  of 
interest  in  this  manpack  power  supply  concept. 
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Tank  dimensions  are  interior  measurements. 

*  Energy  based  on  H2/Air  fuel  cell  burn  rate  of  0.124  lb  H2/kW-hr. 
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The  purpose  of  this  briefing  was  to  provide  a  qualitative  system  level 
comparison  of  several  oxygen  storage  techniques  that  might  be  applied  to  fuel 
cell  power  system.  For  all  but  air  breathing  fuel  cells,  oxygen  must  be  provided 
via  some  sort  of  storage  system.  The  second  chart  (Oxidizer  System 
Parameters)  shows  parameters  that  must  be  considered  in  making  the  choice  of 
what  oxygen  source  to  select  as  a  function  of  five  different  conventional  methods 
of  providing  oxygen.  This  chart  was  constructed  assuming  that  roughly  100  lbs 
of  usable  oxygen  must  be  provided.  Other  usable  oxygen  quantities  will  provide 
different  conclusions.  The  chart  shows  that  one  must  consider  the  weight  and 
volume  of  all  the  hardware  associated  with  storing  the  oxygen  before  making  a 
selection.  As  can  be  seen  by  "Weight  Efficiency"  and  "Volumetric  Efficiency" 
(defined  in  Chart  #3),  oxygen  sources  that  have  a  high  "Percent  02  Liberated", 
don't  necessarily  come  out  favorably  when  the  total  system  weight  and  volume 
are  taken  into  account. 

Chart  #4  goes  a  step  further  to  compare  high-pressure  oxygen-gas 
storage  versus  liquid-oxygen  storage  for  fuel  cell  power  systems  that  must 
provide  various  amounts  of  total  energy.  This  chart  shows  specifically  how  much 
the  total  oxygen  storage  system  weighs  for  various  quantities  of  usable  oxygen. 
The  results  are  shown  graphically  in  Chart  #5.  One  can  see  that  for  total  energy 
systems  providing  less  than  60  KWH,  high  pressure  gas  (HPG)  systems  weigh 
less  than  liquid  oxygen  systems.  In  fact,  at  very  low  KWH,  HPG  systems  weigh 
nearly  an  order  of  magnitude  less.  For  systems  providing  more  than  60  KWH, 
liquid  oxygen  storage  systems  weigh  less  than  HPG  systems. 
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DIRECT  METHANOL  FUEL  CELLS 


Prepared  for; 

“Small  Fuel  Cells  for  Portable  Power” 

Workshop  presented  by 

Army  Research  Office  and  Auburn  University  s  Space  Power  Institute 


October  1994 


Robert  F.  Savinell 

Department  of  Chemical  Engineering  and 
The  Ernest  B.  Yeager  Center  for  Electrochemical  Sciences 
Case  Western  Reserve  University 
Cleveland,  Ohio  44106 


This  discussion  will  be  limited  to  the  acid-type  fuel  cell  based  on  using  a  proton  exchange 
membrane.  The  fuel  reaction  or  the  anode  reaction  in  this  case  combines  methanol  and  water  to 
produce  carbon  dioxide.  The  cathode  oxygen,  either  fi-om  pure  oxygen  or  air,  is  combined  with 
protons  to  produce  water.  The  overall  reaction  is  a  net  water  producer  and  its  equilibnum 
voltage  is  around  1.186  v,  therefore,  somewhat  less  than  the  1.23  v  of  a  hydrogen  oxypn  cell. 
The  major  potential  advantage  with  the  direct  methanol  fuel  cell  is  its  energy  density.  As 
compared  to  the  gaseous  hydrogen  oxygen  fuel  cell,  its  watt-hours  per  liter  is  ~  3  orders  of 
magnitude  higher.  Of  course  the  energy  density  advantage  would  be  somewhat  less  when 
hydrogen  is  in  other  forms  such  as  liquid  or  solid.  The  direct  methanol  PEM  foel  cell 
(DMPEMFC)  has  numerous  advantages  b^ause  of  its  high  energy  density,  and  because  it  can  be 
readily  stored  and  easily  transported.  The  polymer  electrolyte  avoids  electrolyte  redistribution, 
causes  no  electrode  flooding,  enhances  cat^yst  stability  because  of  limited  electrolyte  content, 
and  minimizes  electrolyte-caused  corrosion.  A  direct  methanol  fuel  cell  eliminates  the  need  for  a 
reformer.  Therefore,  the  resulting  power  source  is  much  lower  in  weight,  smaller  in  volume,  and 
is  expected  to  have  reduced  costs.  These  systems  will  have  a  number  of  applications  ranging  from 
miUwatts  to  hundreds  of  kilowatts.  At  the  low  end  of  the  power  spectrum,  applications  include 
electronics  and  telephones.  At  the  upper  end  of  the  spectrum,  applications  include  automobiles, 
busses,  trucks,  trains,  etc.  In  between  there  are  many  applications  for  both  military  to  commercial 

uses. 

During  the  past  four  to  five  years,  there  have  been  at  least  two  workshops  that  dealt  with  the 
research  issues  which  need  to  be  addressed  for  developing  a  direct  methanol  fuel  ceU.  The  first 
meeting  was  sponsored  by  the  Department  of  Energy  and  was  held  at  the  University  of 
Georgetown  in  May  1990.  The  second  more  recent  meeting  was  co-sponsored  by  DOE  ^d 
ARPA  and  was  held  in  Baltimore  in  April  1994.  There  are  a  number  of  recommendations  coming 
from  both  of  these  workshops  and  most  were  very  similar.  In  the  more  recent  meeting  though, 
there  has  been  a  recognition  that  further  detailed  studies  are  needed  for  understanding  why  a 
platinum-ruthenium  catalyst  system  works  well  for  the  methanol  oxidation  reaction.  Also,  the 


problem  of  methanol  cross-over  is  much  better  understood  and  recognized  to  be  a  more  importMt 
problem.  In  addition,  the  recent  workshop  emphasizes  the  need  for  developing  oxygen  redurtion 
catalyst  that  are  methanol  tolerant.  Also  brought  out  was  the  fact  that  there  is  a  need  for  reliable 
modeling  of  direct  methanol  fuel  cell  stack  performance.  Much  of  the  advances  in  DMFCs  in  the 
past  few  years  have  come  about  because  of  an  ARPA  sponsored  program.  The  state-of-the-art 
performance  achieved  by  several  contractors  to  ARPA  are  summarized  in  the  transparencies.  A 
.41v  at  640  mA/cm^  performance  operating  on  a  liquid  feed  258  cm^  fuel  cell  can  produce  67  w 
per  cell.  EflBciencies  have  exceeded  25-30%  at  current  densities  less  300  mA/cm  and  fuel 
utilization  is  greater  than  70%.  This  program  has  now  progressed  beyond  single  cells  and  small 
multi-cell  stacks  are  starting  to  be  tested.  As  part  of  this  program,  IFC  did  a  weight  estimate  for  a 
small  250  watt  DMPEMFC.  They  estimated  a  weight  of  about  10  lb.  for  this  system.  It  is 
interesting  that  40%  of  this  weight  comes  from  repeat  parts.  Presumably  much  of  this  weight  is 
due  to  bi-polar  plates  and  flow  field  components.  Although  there  has  been  a  number  of  successes 
in  the  ARPA  program,  there  are  still  a  number  of  challenges  to  be  met  in  developing  a  direct 
methanol  fuel  cell. 

The  first  challenge  is  poor  anode  kinetics.  The  anode  reaction  is  slow  because  CO  formed 
during  the  reaction  strongly  absorbs  onto  platinum  surfaces.  Of  course,  one  can  raise  the 
temperature  of  the  anode  to  reduce  CO  absorption.  This  is  the  approach  being  taken  at  Case 
Western  Reserve  University  which  will  be  discussed  later.  In  addition,  favorable  catalyst  can 
reduce  the  anode  potential  considerably.  The  best  catalyst  to  date  has  been  the  platinum- 
ruthenium  system  which  has  a  several  hundred  mV  advantage  over  platinum,  even  up  to  a  couple 
hundred  mA/cm^.  Recent  advances  in  developing  this  catalyst  system  has  focused  more  on 
enhancing  the  surface  area  and  utilization  of  the  catalyst.  Further  improvements  are  still  needed  in 
enhancing  the  kinetics.  Especially,  the  open  circuit  voltage  needs  to  be  reduce  considerably  for 
the  anode  reaction.  Even  with  the  best  catalyst  today,  it  is  still  about  200  mV  positive  of  the 
reversible  potential  for  methanol  oxidation. 

Another  challenge  for  the  development  of  the  direct  methanol  fuel  cell  is  the  reduction  of 
methanol  cross-over.  Methanol  is  highly  soluble  in  water.  Methanol  permeates  readily  from  the 
anode  to  the  cathode  where  it  reacts  directly  with  oxygen.  This  cross-over  results  in  the  loss  of 
fuel  but  also  results  in  additional  polarization  at  the  cathode  due  to  the  mixed  potential  effect 
(-100  mV).  There  have  been  a  number  of  strategies  suggested  to  reduce  this  problem  of 
methanol  cross-over.  Of  course  one  strategy  is  to  develop  catalysts  for  oxygen  reduction  which 
are  methanol  tolerant.  In  another  strategy,  one  tries  to  reduce  the  methanol  solubility  by  using 
new  electrolytes  or  lowering  methanol  activity.  In  the  work  at  CWRU,  higher  temperatures  are 
being  considered  which  in  effect  lowers  the  activity  of  methanol  and  reduces  cross-over  from  a 
level  of -100-300  mA/cm^  down  to  50  mA  (Nation  phosphoric  acid  fuel  cell  at  150°C)  and  10 
mA/cm^  for  new  electrolytes  (FBI). 

Some  groups  are  taking  other  approaches  to  reducing  methanol  cross-over.  One  appraoch  is 
to  use  thick  electrodes;  the  idea  is  to  consume  as  much  methanol  in  the  electrodes  so  there  is  little 
left  to  cross-over.  This  is  feasible  except  when  one  does  this,  the  catalyst  utilization  is  reduced 
substantially.  Another  approach  is  to  include  barrier  layers  or  to  deposit  pore  blockers  into  the 
membrane  pores.  The  idea  here  is  to  block  some  of  the  pores  with  an  inert  material  so  that 
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methanol  difiusion  is  restricted.  Of  course,  the  conductivity  of  the  polymer  is  directly  related  to 
the  water  content  in  the  pores  of  the  Nafion.  Therefore,  a  reduction  in  permeability  usually  will 
correspond  to  a  reduction  in  conductivity.  We  have  examined  the  trade-off  by  a  simple  cross¬ 
over  model  which  shows  that  placing  pore  blockers  into  a  Nafion  membrane  will  have  little 
beneficial  effect  except  at  low  current  densities. 

At  Case  Western  Reserve  University,  as  I  mentioned  earlier,  we  have  a  program  to  develop 
direct  methanol  fuel  cells.  Our  program  is  based  on  the  idea  of  operating  at  higher  temperatures 
where  we  can  reduce  the  anode  poisoning  and  also  reduce  methanol  cross-over  by  lowering 
methanol  activity  in  the  polymer.  TTiis  program  has  a  number  of  objectives.  A  major  objective  is 
to  develop  proton  exchange  membranes  which  can  operate  at  higher  temperatures,  namely  the 
150°-200°C  range.  In  addition,  we  are  developing  new  catalyst  systems  for  both  the  methanol 
electrode  and  the  oxygen  electrode,  in  particular  oxygen  reduction  catalyst  which  are  methanol 
tolerant.  We  are  pursuing  fundamental  studies  to  further  understand  the  details  of  the  kinetic 
mechanism  of  methanol  oxidation. 

One  of  the  major  accomplishments  of  this  program  has  been  the  identification  of  a  basic 
polymer  known  as  polybenzimidazole  (PBI)  which  can  be  doped  with  a  acid  to  yield  proton 
conductivity  at  temperatures  up  to  200°C.  This  polymer  has  another  advantage  in  that  it  is  a 
homogeneous  phase  material  which  tends  to  provide  a  good  barrier  against  the  permeation  of 
methanol.  In  experiments  done  in  our  laboratory,  we  have  shown  that  the  equivalent  current 
density  of  methanol  cross-over  can  be  reduced  to  <10  mA/cm^  with  these  materials.  PBI  fuel 
cells  have  been  built  and  operated  at  Case  Western  Reserve  University.  Although  we  have  not 
achieved  levels  of  performance  as  the  best  results  reported  by  other  laboratories  for  the  lower 
temperature  system,  our  results  are  very  encouraging  because  we  have  been  able  to  operate  at 
higher  temperatures  with  very  little  extra  humidity  and  operational  problems.  We  have  shown 
stable  reproducible  operation.  With  development  of  optimum  electrode  structures  for  this 
polymer,  performance  should  increase  substantially.  We  have  recently  submitted  membranes  to  an 
iundustrial  firm  and  results  with  25  cm^  cells  have  demonstrated  very  good  performance 
considering  their  electrodes  have  not  been  optimized. 

In  summary,  progress  towards  developing  efficient  and  compact  direct  methanol  fuel  cells  is 
very  encouraging.  Much  of  these  advances  have  been  made  during  the  past  several  years  in  a 
program  sponsored  by  ARP  A.  However,  there  are  still  advances  needed  in  enhancing  the 
performance  of  all  fuel  cell  components.  Also,  greater  understanding  is  needed  of  the 
fundamental  processes.  Engineering  design  must  now  be  addressed,  and  a  focus  must  be  given  to 
reducing  costs. 
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PROSPECTOR  VII  WORKSHOP 


“SMALL  FUEL  CELLS 
FOR  PORTABLE  POWER” 


October  31-  November  3, 1994 
Durham,  North  Carolina 


Sponsored  by: 

Army  Research  Office  and 
Auburn  University’  Space  Power  Institute 


Robert  F.  Savinell 

Professor  of  Chemical  Engineering  and 
Director,  Ernest  B.  Yeager  Center  for 
Electrochemical  Sciences 
Case  Western  Reserve  University 
Cleveland,  Ohio  44106 
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DIRECT  METHANOL  FUEL  CELLS 


WORKSHOPS 


DOE:  Georgetown  University 

May  1990 


DOE/ARPA:  Baltimore,  Maryland 

April  1994 


Recommended  Areas  of  Research: 


Kinetic  and  Mechanistic  Studies 

New  Materials  as  Electrocatalysts  for  Methanol 

Oxidation 

Surface  Sensitive  Techniques  for  Methanol 

Electrocatalysts 

Electrolytes 

Systems  Considerations 

Methanol  Tolerant  O2  Catalysts* 

Reliable  Modeling  of  DMFC  Stack  Performance* 


•  / 


*April  Meeting 


ARPA 

Single  Cell: 

4-Cell  Stack: 

Efficiency: 

Fuel  Utilization: 


DIRECT  METHANOL  FUEL  CELL  PROGRAM 


0.33V  @  800  mA/cm^ 
0.41  V  @  640  mA/cm^ 
258  cm^  =  67  W/Cell 


Life  Test 


Single  Cell: 


0.45  V  @300  mA/cm^ 
for  >200  hrs.  continuous 
>500  hrs.  intermittent 


0.4  V  @  430  mA/cm^ 
258  cn?  =  178  W 


5-Cell  Stack:  0.56  V  @  100  mA/cm^ 
(48  W)  for  >  400  hrs. 


25-30%  @  <300  mA/lm^ 


>70%  @  300  mA/cm^ 


Current  Density,  mA/cm® 


IFC  DMPEMFC  WEIGHT  ESTIMATE 


ARPA  DMFC  PROGRAM 

REVIEW  4/94 


DMPEMFC 


CHALLENGES 


METHANOL  CROSSOVER 
FUEL  LOSS 

Lell 

Efficiency  =  — j - j 

'cell  ^  ^crossover 


CATHODE  POLARIZATION 


DMPEMFC 


METHANOL  CROSSOVER 


STRATEGIES 


•  Reduce  Methanol  Solubility 
New  Electrolytes 
Lower  methanol  Activity 


Membrane 

Electrolyte 

Temperature 

°C 

Methanol 

Crossover 

mA/cm^ 

Nafion/HoO 

60 

100-300 

150 

50-100 

PBI/  H3PO4 

150 

10 

•  Reduce  Methanol  Diffusion 
Thick  Electrodes 
Barrier  Layers: 

Composite  Materials 
Pore  blockers 


Methanol 


mm 

*«®  a® 

#  ijr®  ^ 

#  ## 

^  -Tw  W' 


Crossover 

CZ> 


Membrane 


Thick  Electrodes  ->  Lower  Crossover  -»  Reduce  Catalyst  Utilization 


Catalyst  Loading  I  mg  Pt  cm'* 

0.5  1.0  1.5  2.0 

- 1 - ' - 1  '  TT  '  I 

2.4e-4  cnr/sec 


4.2e-S  cnr/S9c 


4.2e-6  cm^/ssGC 


4.2e-7  cm^/ssc 


25  50  75  100  125  150  175 

Catalyst  Layer  Thickness  / 


0  4U  4U  ou 


Catalyst  Utilization  /% 


J-T  Wang  and  R.F.  Savinell,  Electrochemical  Society  Spring  Meeting,  San  Fancisco,  Ma 


REDUCE  METHANOL  CROSSOVER 
WITH  MODIFIED  MEMBRANE 


MODEL  CALCULATION 


Membrane 

d  0  •  ^ 

■ii 

fif  _ 

P 

Pore  Blockers 


!=> 

Methanol  Crossover 


ASSUMPTIONS: 

•  Cathode  kinetics 

with  mixed  potential  effect 

•  Membrane  conductivity 

•  Methanol  permeability 

•  Constant  anode  potential 

•  Based  on  Nafion  at  60°C 


Delivered  Power,  w/cm 


CROSSOVER  VS  ADDED  PORE  BLOCKERS 


•  Ineffective  except  at  low  current  density. 

•  Could  be  effective  if  pore  blockers  do  not 
reduce  conductivity. 
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Advanced  experimental  methods  for  model  catalyst  studies  0  -f  ■* -*  «^»»«»i — ^-»->«»»h — »-»  »»“■<  «  »  »»»■■) — >-^H 

and  achieved  further  theoretical  understanding  of  methanol  0.01  0.1  1  10  100  1000 

catalyst  mechamsm.  Current  Density  /  (mA/cm2) 

•  Further  improvements  in  cell  performance  anticipated  from  improved 
cathode  structure,  lower  cell  resistance 


Conductivity  /  fl*'  cm* 


POLYBENZIMIDAZOLE 


0.015  H 


0.010 


0.005 


0 


Polybenzimidazole  polymers  have  good  thermal  stability,  high 
mechanical  strength  and  excellent  vapor  barrier  properties. 

Doping  of  polybenzimidazoles  with  phosphoric  acid  provides  proton 
conductivity,  improved  thermal  stability,  greater  flexibility. 

Preliminary  results  with  polybenzimidazole  membranes  in  H2/O2  fuel 
cells  have  shown  high  performance,  low  sensitivity  to  humidification 
conditions'. 
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Water  Vapor  Activity  (PH^Psat) 


2S9 


Permeability  Coefficients  are  given  in  barrer 
1  barrer  =  lO"!®  cm3(STP)  cm  /  cm^  s  cmHg 
Multiple  entries  indicate  results  from  multiple  samples. 

Equivalent  current  densities  assume  a  one  atmosphere  pressure  differential. 
H2SO4  doping  level  247  mol% 

H3PO4  doping  level  338  mol% 

®  Methanol  permeability  significantly  lower  than  in  Nafion 
®  Oxygen  permeability  similar  to  phosphoric  acid 


DMPEMFC 


SUMMARY 


PROGRESS  TOWARDS  DEVELOPING 
EFFICIENT  AND  COMPACT  DIRECT 
METHANOL  FUEL  CELL  IS 
ENCOURAGING. 

ADVANCES  STILL  NEEDED  IN 
PERFORMANCE  OF  ALL  COMPONENTS, 
IN  UNDERSTANDING  FUNDAMENTAL 
PROCESSES  ,  IN  ENGINEERING  DESIGN 
AND  IN  COST  REDUCTION. 


'F.valiiation  and  Modelling  of  PEM  Fuel  CeM 


Summary  of  1  Nov  94  Presentation  to  "Workshop  on  Small  Fuel  Cells  for  Portable  Power" 
by  Dr.  Ronald  F.  Mann,  Royal  Military  College  of  Canada. 

An  overview  was  presented  of  the  power  source-related  work  of  the  RMC  Electrochemical 
Power  Sources  and  Air  Independent  Propulsion  Groups.  Major  activity  areas  are: 


PEM  Fuel  Cell 

Hydrogen  Supply  &  Storage  for  Fuel  Cells 
Oxygen  Supply  &  Storage  for  Fuel  Cells 
Non-PEM  Fuel  Cell  Activities 


It  was  emphasized  that  most  of  the  work  over  10  to  15  years  has  been  focussed  on  kW  and 
multi-kW  power  requirements. 

The  PEM  work  has  concentrated  on  the  evaluation  of  Ballard  Power  System  hardware  and 
the  determination  of  performance  limitation  of  Ballard  stacks.  An  "electrochernical  performance 
model"  has  been  developed  and  applied  over  the  range  from  small  single  cells  to  larp  multi-ceU 
stacks  This  model  is  essentially  a  steady  state,  constant  temperature,  relationship  linking  stack 
voltage,  current,  temperature,  pressure,  concentration  of  anode  feed  gas,  concentration  of  cathode 
feed  gas,  and  both  anode  and  cathode  gas  stoichiometre  ratios  (%  excesses)  in  the  feed.  The  model 
implicitly  assumes  that  the  operating  conditions  are  such  that  water  management  in  the  stack  is  under 

control. 


Currently  a  "steady  state  thermal  model"  of  a  PEM  stack  is  being  developed.  This  will  be 
extended  to  a  "dynamic  thermal  model"  which  will  then  be  coupled  to  the  "electrochemical 
performance  model"  to  give  an  overaU  stack  dynamic  performance  model. 


At  present,  most  of  the  work  is  funded  by  the  Canadian  Navy. 


295' 


ve; 


FUEL  CELL  ACTIVITIES 


GENERAL  MONITORING  OF  FUEL  CELL 
DEVELOPMEMENT  PROGRAMS  IN  THE  WORLD  WITH  A 
MAJOR  EMPHASIS  ON  PROTON  EXCHANGE  MEMBRANE 
(P.E.M.)  FUEL  CELLS  (ie.  descendents  of  earlier  solid  polymer 
electrol3d:e  (SPE)  fuel  cells) 


•  MAJOR  TECHNICAL  INVOLVEMENT  IN  CANADIAN 
GOVERNMENT-FUNDED  PROGRAMS  AT  BALLARD 
POWER  SYSTEMS  OF  NORTH  VANCOUVER 


•  RECEIVE  BALLARD  HARDWARE  FOR  EVALUATION 
AND  FOR  USE  IN  RESEARCH  SUB-PROJECTS 
-  CURRENT  HARDWARE: 

,  two  Mark  IV  single  cells 
one  Mark  IV  12  cell  stack 
one  Mark  V  35  cell  stack 
ene  Mark  V  5  cell  high  pressure  stack 


•  TECHNICAL  ACTIVITIES  REFLECTED  BY  OUR  PUBLIC 
DOMAIN  PUBLICATIONS  AND  PRESENTATIONS 


;?97 


BALLARD  HARDWARE  USED  AT  THE 
ROYAL  MILITARY  COLLEGE  OF  CANADA 


PEM  Fuel  Cell  Activities 


FUEL  UELL  PERFORMANCE  MODEL 


where  the  represent  parametric  coefficients 


GLOBE  90  FUEL  CELL  MODEL  REVISIONS 


V  =  1.229  -0.85*10-^(7  -  298.15) 

+  4.3085  *  10"^  [hi(p*jj  )  +  —  InCpI )] 

2  2  2 

+  ?!  +  £2^"  +  *  £47’Dn(i)] 

-  <»r£5  +  £*7’  +  £,1] 

for  138  ASF  <  I  <  388  ASF,  332  K  <  T  <  348  K,  0.15  atm  ^  ^  0.73  atm  (dry  basis),  and  a 

constant  pH2  of  2.04  atm  (dry  basis) 

j  Parametric  Coefficients; 

=  -  0.944 
c2  =  3.54  X 
^3  =  7.80  X  10-* 

^4  =  -  1.96  X  lO-" 

^5  =  3.30  X  10'^ 

46  =  -  7.55  X  10-“ 

47  =  1.10  X  10-‘ 


3i>l 


A  parity  plot  of  the  experimental  and  predicted 


average  cell  voltage  for  the  Globe  90 


d  ^/oltage  Surface  Plot  for  the 


Currtnt  D*n»ity  (ASF) 


rom:  Fuel  Cells  for  Transportation 
emons,  R.A.  J.  of  Power  Sources 


DENSITY  (ASF) 


Current  Density  (ASF) 


RECENT  DEVELOPMENTS 


PARAMETRIC  PERFORMANCE  MODEL 
DEVELOPED  USING  A  COMBEnIATION  OF 
MECHANISTIC  AND  EMPIRICAL  MODELLING 
TECHNIQUES  FOR  THE  BALLARD  MARK  IV 
SINGLE  CELL  ' 


■  MODEL  APPLIED  TO  THE  MARK  V  35-CELL 
STACK  WITH  NEW  PARAMETRIC  COEFFICIENTS 


A  PRELIMINARY  PERFORMANCE  MODEL 
INCORPORATING  THE  EFFECTS  OF  CARBON 
MONOXIDE  CONTAMINATION  ON  PEM  FUEL 

CELLS 


Hydrogen  Supply  &  Storage 

For  Fuel  Cells 
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cryogenic  adsorption 
cryogenic  liquid 


FUEL  C 


Oxygen  Supply  &  Storage 

For  Fuel  Cells 


SCHEMATIC  OF  ALUMINUM-AIR  CELL 


Net  reaction:  4A1  6HjO  +  30}— '4AI{0H) 


Wer 


APPLICATION! 


BASELINE  CAPACITY; 


Air-Independent  Propulsion  for  Submarines 


Aluminum-Oxygen  semi-fuel  cell 


■  300  kW  (Net)  for  14  days  submerged 

-  Nominal  440  V  D.C. 

-  390  kWh/m^  (including  crew  life  support 
and  all  auxiliaries) 

-  Power  Range:  50  to  800  kW 

-  More  - 


ALUPOWER  Canada  Limited,  P.O.  Box  8500,  Kingston,  ON  K7L  5N7  (613)  5'i1-2287 


XP-21  FUEL  CELL  POWER  SYSTEM 


APPLICATION: 


Air-Independent  Propulsion  for  Autonomous 
Underwater  Vehicles 


DESCRIPTION: 


Aluminum-Oxygen  Semi-Fuel  Cell 


PERFORMANCE: 


Power  -  2.5  kW  (Net) 

Capacity  -  100  kWh  (Net) 

Voltage  -  120  V  Nominal 

Endurance  -  40  Hours  @  Full  Power 


-  More 


V- 

ALUPOWER  Canada  Limited,  P.O.  Box  8500,  Kingston.  ON  K7L  5N7  (613)  541-2287 


RMC 


Royal  Military  College  of  Canada 

Department  of  Chemistry  &  Chemical  Engineering 

Kingston,  Ontario,  Canada,  K7K  5L0 


PUBLICATIONS  AND  PRESENTATIONS 

(Fuel  Cell  and  Hydrogen  Supply  Activities) _ 


1994 

"On  Board  Hydrogen  Purification  for  Steam  Reformer/PEM  Fuel  Cell  Vehicle  Power 
Plants",  Hydrogen  Energy  Progress  X,  Proceedings  of  the  Kf'  World  Hydrogen  Energy 
Conference,  Cocoa  Beach,  Florida,  USA,  June  1994.  J.C.  Amphlett,  R.F.  Mann,  and  B.A. 
Peppley. 


1993 

"Temperature  Programmed  Diffuse  Reflectance  Infrared  Fourier  Transform  Spectroscopy 
(DRIFTS)  of  Methanol  Decomposition  on  CuO/ZnO  and  CuO/Znd/Al203  Catalysts",  76th 
Canadian  Society  for  Chemistry  Conference,  Sherbrooke,  Que.,  June  1993.  S.A-  CoUedan, 
J.C.  Amphlett,  ICA.M.  Creber,  R.F.  Mann,  B.A.  Peppley,  and  D.M.  Stokes. 

"A  Fuel  Conditioning  System  for  a  Methanol-Fueled  PEM  Fuel  Cell  Power  Generator",  The 
First  International  Conference  on  New  Energy  Systems  and  Conversions,  Yokohama,  Japan, 
613  -  618,  June  1993.  J.C.  Amphlett,  R.F.  Mann,  and  B.A.  Peppley. 

"The  Steam  Reforming  of  Methanol:  Mechanism  and  Kinetics  Compared  to  the  Methanol 
Synthesis  Process",  Third  International  Symposium  on  Natural  Gas  Conversion,  Sydney, 
Australia,  July  1993.  J.C.  Amphlett,  R.F.  Mann,  and  B.A,  Peppley.  (To  be  subsequently 
published  by  Elsevier  in  the  Symposium  Proceedings) 

"Methanol,  Diesel  Fuel,  and  Ethanol  as  Liquid  Sources  of  Hydrogen  for  P.E.M.  Fuel  Cells", 
Proceedings  of  the  28th  lECEC,  Atlanta,  Georgia,  Aug.  1993.  J.C.  Amphlett,  R.D.  Klassen, 
R.F.  Mann,  and  B.A,  Peppley. 

"Performance  Meodelling  of  the  Ballard  Mark  IV  Sohd  Polymer  Electrolyte  Fuel  Cell,  Part 
I  -  Mechanistic  Model  Development",  submitted  to  J.  of  the  Electrochem.  Soc.,  June  1994. 
J.C.  Amphlett,  R.M.  Baumert,  R.F.  Mann,  B.A.  Peppley,  P.R.  Roberge,  and  T.J.  Harris. 


"Performance  Meodelling  of  the  Ballard  Mark  IV  Solid  Polymer  Electrolyte  Fuel  Cell,  Part 
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The  author,  in  collaboration  with  others  shown,  is  conducting  research  on 
the  electrodeposition  of  Nation  onto  electrode  structures  as  part  of  a  larger  piece 
of  sponsored  research.  The  author  gratefully  acknowledges  the  support  for  this 
work  under  Army  Contract  #DAAL0392G0205-2. 

Tprhniral  Approach.  The  technical  approach  is  to  extend  the  electrode 
reaction  zone  away  from  the  PEM  and  into  three  dimensions,  thereby  gaining 
improved  performance  of  the  electrode  device  in  the  particular  application  under 
study.  Important  attributes  of  the  "3-D  Reaction  Zone"  involve  accessibility 
and/or  transport  issues  which  are  driven  by  the  contacting  of  the  "extended 
electrode-PEM  microstructure"  to  one  or  more  of  the  following:  the  catalyst,  the 
reactants  and  its  products,  the  electrons,  and  the  interface  between  the 
PEM/SPE  and  the  electrode.  There  are  some  issues  which  are  not  addressed  in 
this  topic  as  presently  described  -  the  technical  work  does  not  address  proton 
conductivities,  membrane  permeation,  and  catalyst  deactivation,  among  others. 
The  design  approach  is  described  by  expanding  frorn  a  2-D  model  (shortest 
distance  between  catalyst/electrode  and  PEM  is  straight  line)  to  a  3-D  design  in 
which  electrodes  are  fabricated  from  fibers,  not  particulates. 

Several  recent  publications  cover  the  subjects  of  design,  electrochemical 
properties,  and  characterization  of  composite  fuel  cell  electrodes,  in  more  detail, 
i.  e.,  scientific  results  of  the  authors'  studies  of  the  electrochemical  reaction  of 
oxygen  at  the  electrocoated  Nafion-modified  metal  carbon  composite  and 
platinum  electrodes,  as  well  as  the  use  of  electrocatalytic  metal-carbon 
composite  electrodes  for  SPE  fuel  cells  are  described. 

Fxpfirimental  Pmcadure.  The  experimental  procedure  was  described  as 
the  preparation  of  like  electrode  samples  for  further  processing  using  coating, 
dipping,  electrocoating,  and  optimizing  electrocoating  procedures.  The 
proprietary  process  used  to  fabricate  the  electrode  samples  ensures  that  they  are 
of  suitable  (similar  if  not  almost  identical)  thickness,  physical  composition, 
uniformity  of  metal/carbon  fibers  and  void  volume,  and  possess  similar  electrical 
and  chemical  characteristics  prior  to  coating,  dipping,  etc.  Results  of  the  Nation 
loading  with  respect  to  time  were  reported.  Potential  versus  current  curves  were 
compared  to  show  the  effects  of  eiectrocoating  versus  dipping  on  the  electrical 
characteristics.  Nation  packing  and  cost  of  materials  were  also  studied/reported. 


Results.  The  results  indicated  that  electrocoating  does  work  and  can  be 
controlled  (and  repeated  with  reliable  accuracy).  The  research  team  is  using 
preferential  placement  of  Nafion  as  a  technique  to  maximize  performance  versus 
cost,  follow  design  contours,  maximize  the  benefit/volume  ratio,  attain  more 
uniform  and  self-correcting  deposition  procedures,  to  take  advantage  of  the  fact 
that  differential  rates  allow  placement  and  high  rates  form  external  films,  to  use  in 
tandem  with  hot-pressing  to  reduce  SPE  membrane  thickness  and  resistance,  to 
improve  mechanical  toughness,  and  to  decrease  electrode/SPE  interfacial 
resistance. 
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Approach  is  to  Extend  Electrode  Reaction  Zone  away 
from  the  PEM  and  into  Three  Dimentions  for 
Improved  Performance 

Important  Attributes  of  a  3-D  Reaction  Zone  Involve 
Accessibility/Transport  Issues  Driven  by  Contacting 
of  an  Extended  Electrode-PEM  Microstructure  to  the: 


So  Catalyst 

-  Effectiveness  Factor 

-  Dispersion  (Both  Forms) 

be  Reactants/Products 

-  Heat  transfer 

-  Mass  Transfer 

-  Water  Balance  (pore  size,  hydrophobicity,  control) 
c.  Electrons 

-  Intra-Electrode  Conductivity/Thickness 

-  Contact  to  the  Collectror 

do  Interface  bet^veen  PEM/SPE  and  Electrode 


Have  Not  Included 


Proton  Conductivities 
Membrane  Permeation 
Catalyst  Deactivation 
EtCc 


Design  Approach 


2-D  Model:  Shortest  Distance  between  Two  Points, 
e.g.,  Catalyst/Electrode  and  PEM,  is  a 
Straight  Line 


3-D  Implications:  Fabricate  Electrodes  from  Fibers 
Not  Particulates 


Fabricate  Added  Intra-Electrode  PEM 
Bridges  along  Straight  Paths,  Don't  Use 
Much 

Eliminate  Binders  by  Combining  Binder 
and  Collector  Functions 

Use  Electrocoating  Methods 


e.g.,  "Electrochemical  Reaction  of  Oxygen  at  Electrocoated  Nafion- 
Modified  Metal  Carbon  Composite  and  Platinum  Electrodes," 

G.M.  Swain  and  B.  J.  Tatarchuk,  J.  Electrochemical  Soc.,  140  (4), 
1026-1033  (1993) 

"Electrocatalytic  Metal-Carbon  Composite  Electrodes  for  SPE  Fuel 
Cells,"  H.  Xu,  R.  Killough,  C.  Marrion,  S.  Ahn,  and  B.  J. 
Tatarchuk,  1994  Annual  Meeting  of  the  AIChE,  San  Francisco, 

CA,  November  1994. 


Prepare  series  of  identical  metal-carbon  composite 
electrodes  with:  ~  1  g  of  2  pm  Ni  fibers,  ~  1  g  of  bundled 
2  pm  activated  carbon  fibers,  and  ~  0.5  g  of  cellulose 
fibers;  per  200  cm^  of  preform. 

After  sintering  average  wt.  per  1.6  cm^  electrode  (@  140 
pm  thickness)  is  11.86  mg  ±  1.5% 

Check  various  coating  procedures,  dip  versus 
electrocoating,  optimize  eleetrocoating. 


Nation  loading  vs.  electrocoating  time.  Samples  were 
electrocoated  at  a  potential  of  2.0  V  in  5  wt.  %  Nation 
solution  of  lower  aliphatic  alcohols  and  water. 


Time  (min) 


Electrocoating:  6  V  for  5  min.  in  1.8  wt.  %  solution 
Nation  loading  =  0.9  mg/cm^ 


# 


Calculation  of  Nafion  Packing 


1 .6  cm^ 


140  [im  =  0.014  cm 


Total  Electrode  Volume  =  0.0224  cm- 


Electrode  Weight  =  11.86  mg  or 

5.93  mg  Ni  @  8  g/cm^  =  7.4x10-4  cm^ 
+  5.93  mgC  @2  gW  =  2.97x10-^  cm^ 


Total  Volume  of  Solids 


3.71x10*^  cm^ 


Electrode  Void  Volume  =  0.0224-  3.71x10'^  -  0.01869  cm- 

0.0224  -  3.71x10'^ 

Electrode  Void  Volume  =  - - - x  100% 

0.0224 

=  83.4% 


Nafion  Filling 


0.01869  cmVelectrode  -^1.6  cmVelectrode 
X  PNaf.on  EC  @  0-7  g/cm^ 

8.2  mg/cm^  of  electrode 


$600 

1  L 

1  ml 

1  g  soln 

$7.47 

18L 

1000  ml 

0.8923  g 

0.05  g  Nafion 

g  Nafion 

$7.47 

0.0082  g  Nafion 

$0.06  of  Nafion 

g  Nafion 

ever 

cm^ 

(complete  filling) 


$450 

1  Tr.  Oz. 

$14.47 

Troy  Oz  Pt 

31.1  g 

gPt 

1 1.86  mg  electrode 

1  g 

$14.47 

1.6  cm^ 

1000  mg 

g  electrode 

gPt 

cm^ 

1 1.86  mg  electrode 

1  g 

0.1  gPt 

$14.47 

$0.01  ofPt 

1.6  cm^ 

1000  mg 

g  electrode 

gPt 

2 

cm 

$20 

1  lb 

1 1.86  mg  electrode 

1  g 

$14.47  $1.64x10-^  of  Ni 

lb  Ni 

454  g 

1.6  cm^ 

1000  mg 

g  Pt  cm^ 

Carbon  ~  same  as  Ni 


Man  -  Tech  and  PEM  Film  Not  Included. 


Summary  and  Implications 


Electrocoating  works  and  can  be  controlled 

Preferential  Placement  of  Nafion  to: 

a.  Maximize  performance  versus  cost 

b.  Follow  design  contours 

c.  Maximize  benefit/volume  ratio 

d.  Uniform  and  self-correcting  deposition  process 

e.  Differential  rates  allow  placement,  high  rates  form 
external  films 

f.  Use  in  tandem  with  hot  pressing  to  reduce  SPE 
membrane  thickness  and  resistance,  improve 
mechanical  toughness 

g.  Decrease  electrode/SPE  interfacial  resistance 
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Figure  1 .  Schematic  diagram  of  the  new  composite  electrolyte  system  containing 
methanol  impermeable  protonic  conductor  (MIPC).  The  porous  gas  diffusion 
electrodes  are  prepared  from  carbon  cloth,  and  are  coated  on  one  side  with  a 
layer  of  electrocatalyst  comprising  20%  R  on  Vulcan  XC-72  (E-Tek,  Inc.,  Nabck, 
MA).  The  data  in  this  report  were  obtained  with  Nation  115  serving  as  the  rPtI, 
and  a  25  pm  thick  palladium  film  as  the  MIPC. 


Figure  2.  I-V  curves  of  a  conventional  fuel  cell  with  two  Nation  TM  1 1 5 
membranes  as  the  electrolyte.  Curve  A  was  obtained  with  H2  as  the  fuel. 
Curves  B  and  C  were  obtained  1  and  7  hr.,  respectively,  after  adding  12  /o 
methanol  to  the  H2  humidifier. 


Figure  3.  I-V  curves  of  differently  configured  fuel  cells  containing  the  palladium 
MIPC  sandwiched  between  two  Nation  115  nnembranes,  which  serve  as  the 
PPEIs  Curve  A  was  obtained  with  a  ca.  30  A  Pt-modified  palladium  foil  (25pr2) 
sandwiched  between  two  Nation  115  membranes,  and  H2  as  the  fuel.  Curve  B 
was  obtained  20  hr.  after  adding  10%  methanol  to  the  H2  humidifier,  using  the 
same  electrolyte  system  as  in  Curve  A.  Cun/e  C  was  obtained  using  unmodified 
palladium  foil  sandwiched  between  two  Nation  115  membranes  and  H2  as  the 

fuel. 


Figure  4.  Effect  of  electrodeposition  of  Pt  on  Pd  films.  I-V  curve  is  superimposed 
over  Figure  2  H2/O2  performance  curves. 


Electrocatalyst  Layer 

Proton  Permeable  Electronic  Insulator 

Methanol  Impermeable  Palladium  Membrane 
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TECHNOLOGY  UPDATE  III 


TECHNOLOGY  UPDATE  SESSION  III 

Chairman:  Dr.  Bob  Hamlen,  ARL 


The  session  began  with  introductory  remarks  by  the  session  chairman.  He 
commented  on  the  need  to  reflect  upon  such  technical  issues  as  low  tennperature 
options,  heat  transfer  and  cooling  challenges,  methods  of  producing  and  storing 
hydrogen  as  a  fuel,  and  development  of  a  hybrid  power  source  design  where 
portions  of  the  Soldier  System  power  would  be  provided  by  non-fuel  cell  means. 

•  "Low  Temp  Solid  Oxide  Fuel  Cells  at  Argonne,"  Dr.  Mike  Krumpelt,  Argonne 

Laboratory 

•  "Heat  Transfer  and  Cooling  Challenges  in  Fuel  Cell  Development,"  Mr.  Dave 

Bloomfield,  Analytic  Power,  Inc 

•  "Field  Production  of  H2:  Wet  or  Dry  Manufacture  from  Military  Transport  Fuels," 

Dr.  Bill  Peters,  MIT 


•  "Update  on  Battery  Workshop  (Prospector  III),"  Dr.  Bob  Guenther,  ARO 

The  remainder  of  this  section  is  a  compilation  of  the  technical  rnaterial  as 
submitted  to  the  Workshop  organizers.  At  the  conclusion  of  this  session.  Dr.  Dick 
Paur,  charged  the  members  of  the  Workshop  on  behalf  of  the  Board  of  Directors. 

In  his  charge,  he  made  the  following  points: 

Charge  to  Participants.  The  individual  Working  Groups  are  charged  with 
finding  the  best  development  paths  and  technology  solutions  for  small,  portable 
FC  systems.  "Small,"  for  the  purpose  of  this  Workshop  discussion,  is  defined  as 
"less  than  1  kW  at  the  upper  end  and  as  small  as  practical  at  the  lower  end."  VJe 
want  to  emphasize  that  the  complete  power  system  has  to  be  carried,  so  the 
energy  density  of  complete  systems  is  what  really  counts.  Additionally,  Group  I 
(Applications)  should  assess  the  SOA,  assess  whether  it  was  feasible  to  go  to 
smaller  units  to  attempt  to  replace  batteries,  assess  commercial  markets  and 
issues  and  address  system  issues  of  stack  integration,  attitude  sensitivity,  shelf 
life  start-up  time,  disposal,  and  safety.  Group  II  (Alternatives)  should  identify 
alternatives  to  FC  in  small  size  ranges,  assess  alternative  FC  technologies  for 
systems  under  1  kW,  summarize  advantages  and  disadvantages  of  alternate 
technologies  when  compared  to  fuel  cells,  and  identify  self-contained  options  and 
size  range  of  application  (assess  the  marketability  of  fuel  cells)  in  military  and 
commercial  markets.  Group  III  (Research  Issues)  is  charged  with  developing  a 
consensus  of  the  leading  technical  "show-stoppers"  limiting  the  rapid  develop¬ 
ment  of  small  FC  units,  prioritizing  these  leading  technologies,  identifying  SOA 
performance  and  goals  for  future  work,  summarizing  the  potential  strategies  for 
near-term  improvements  and  "breakthroughs,"  and  identifying  the  basic  scientific 
support  needs  for  FC  improvements. 


With  this  set  of  questions  and  challenges,  Working  Group  members  were 
to  seek  out  new  ideas,  identify  the  technological  impediments,  and  secure 
comparisons  of  traditional  and  non-traditional  technologies.  The  group  was 
divided  into  three  main  areas  as  follows: 

•  Civilian  and  Military  Fuel  Cell  Applications  for  Commercial  Products 
and  Specific  Missions 

®  Alternative  Fuel  Cell  Technologies 

®  Key  Research  Issues  Pacing  Development  -  Definitions  &  Priorities 

The  summaries  of  those  discussions,  and  the  respective  Group  briefings  to 
the  entire  body  of  participants,  are  included  in  these  Proceedings. 


WORKSHOP  OBJECTIVES 


The  Workshop  objectives,  as  determined  by  the  Board  of  Directors, 
were  to; 


•  Assess  the  state-of-the-art  of  fuel  cells  and  fuel  cell  systems  by 
characterizing  innovative  fuel  cell  conversion  techniques  and  determining  their 
applicability  to  DOD  and  civil  power  systems: 

•  Identify  the  key  research  issues  pacing  the  development  of  (or  limiting 
full  development  of)  efficient,  high  power  fuel  cells/systems  with  acceptable 
lifetimes: 


•  Identify  the  major  limiting  factors  which  must  be  addressed  as  part  of 
overall  fuel  cell/system  design  for  man-portable  applications: 

•  Prioritize  and  clearly  define  research  issues,  indicating  the  impact  if 
successful: 

•  Provide  research  team  milestones  to  assure  significant  improvements  in 
fuel  cell  technology  over  near-term  and  long-term  development  programs: 

•  Identify  operational/environmental  constraints  such  as  materials, 
signatures,  mass,  and  pollution  which  influence  the  applications  or  improvements 
envisioned:  and 

•  Establish  scaling  laws,  and  wherever  possible,  use  those  laws  to 
compare  results  with  other  methods  of  powering  DOD  and  civil  systems. 

To  accomplish  these  goals,  a  group  of  distinguished  scientists  and 
engineers,  active  in  the  field,  were  invited  to  present,  in  several  overview  talks, 
current  perceptions  of  the  state-of-the-art  in  fuel  cell  power  systems.  Each 
speaker  was  to  address  key  issues,  operational  and  environmental  constraints, 
and  potential  military  and  commercial  applications  for  small,  portable  fuel  cell 
systems  from  their  own  particular  vantage  points  in  DOD  agencies,  academic 
institutions,  and  research  laboratories. 


Summary  of  Presentation 


"Direct  Methanol  Solid  Oxide  Fuel  Cells" 

by 

Rajiv  Doshi  and  Michael  Krumpelt 
Argonne  National  Laboratory 

A  new  type  of  solid  oxide  fuel  cell  is  being  developed  at  Argonne  National 
Laboratory  (ANL)  for  operation  on  air  and  methanol.  This  Direct  Methanol  Solid  Oxide 
Fuel  Cell  (DMSOFC)  is  designed  to  operate  in  the  temperature  range  450-500°C  without 
external  reforming.  The  DMSOFC  is  made  of  ali  ceramic  materials  alternating  with  a 
bipolar  plate  which  can  be  metal.  There  are  no  liquids  in  any  of  the  components. 

There  are  several  inherent  design  advantages  to  the  DMSOFC  that  are  outlined 

here: 

1)  CO  tolerant  anodes  (no  noble  metals) 

2)  Ambient  pressure  operation 

3)  No  methanol  cross-over 

4)  \Naier  generated  on  anode  side  (no  water  management  required) 

5)  Potentially  compatible  with  other  reformed  fuels  without  CO  removal 

6)  High  chemical  and  thermal  stability  of  components 

This  technology  is  beirig  pursued  at  Imperial  College,  U.K.,  and  at  Argonne 
National  Laboratory  in  the  U.S.  Imperial  College  has  exhibited  a  performance  of  150 
mA/cm^  at  0,7  V.  Argonne  has  obtained  an  open  circuit  voltage  of  0.97  V  at  450‘C. 

The  electrolyte  is  a  doped  cerla  oxygen  ion  conductor.  Cerium  oxide  was 
considered  not  stable  enough  in  a  high  temperature  solid  oxide  fuel  cell  (SOFC)  operating 
above  800'C  due  to  reduction  and  subsequent  onset  of  electronic  conductivity  in  reducing 
atmospheres.  We  have  shown  that  at  the  reduced  temperatures  of  this  new  fuel  cell 
operating  on  methanol,  cerium  oxide  reduction  does  not  occur  and,  the  material  remains 
an  ionic  conductor  in  both  air  and  methanol.  The  advantage  of  using  doped  ceria  is  the 
significantly  higher  oxygen  ion  conductivity  compared  to  stabilized  zirconia  which  is 
currently  used  in  high  temperature  SOFCs.  In  fact  the  conductivity  of  doped  ceria  is 
almost  an  order  of  magnitude  higher  than  stabilized  zirconia  at  450’C. 

Anodes  and  cathodes  for  this  new  type  of  SOFC  still  need  to  be  improved  to  obtain 
good  performance.  Both  electrode  materials  need  to  be  good  ionic  and  electronic 
conductors,  and  need  to  be  formulated  to  match  the  thermal  expansion  coefficient  of  the 
electrolyte. 

To  facilitate  rapid  start-up,  the  materials  need  to  be  reinforced  for  thermal  stress 
tolerance.  When  fully  developed,  a  SOFC  operating  at  450'C  and  tolerant  to  carbon 
monoxide  may  be  applicable  for  power  systems  running  on  logistics  fuel. 
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THERMAL  MANAGEMENT  IN  AMBIENT  PRESSURE  PEM  FUEL  CELLS 


ORIGINAL  APPROACH 

FREE  CONVECTION  -  INTEGRAL  COOLING  AND  REACTANT  AIR 
PROBLEM  WITH  APPROACH 

•  LOW  OVERALL  HEAT  TRANSFER  COEFFICIENT 
.  HIGH  TEMPERATURE  GRADIENT 

•  CURRENT  DENSITY  MALDISTRIBUTION 

.  POWER  DOWN  TRANSIENT 


/  C 


Cell  Temperature  &  Current 

1  atm  H2/Air  (dry) 


100A/ft2  =  4.3A 


r  Ratios 


Cel!  Voltage 


ELIMIMATES  HIGH  WATER  LOSS  AT  HIGH  COOLING  AIR  FLOW 


®  LOWER  CELL  TEMPERATURE 


FIELD  PRODUCTION  OF 
HYDROGEN:  WET  OR  DRY 
MANUFACTURE  FROM 
MILITARY  TRANSPORT  FUELS 
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NARRATIVE  OVERVIEW 


Two  possible  approaches  for  field  manufacture  of  molecular  hydrogen  from 
logistic  fuels  like  jet  fuel  or  diesel,  are  considered  in  light  of  military 
needs  for  H2  to  power  portable  fuel  cells. 

In  one  approach,  logistic  fuel  would  undergo  hydrolysis  or  partial 
oxidation^  (with  air)  in  supercritical  water  (SCW)  (i.e.  T  >  374°C  and  P  > 
221  bar),^  producing  H2,  CO  and  probably  other  gases  like  methane.  Water  gas 
(WG)  shift  of  the  CO  would  double  the  H2  yield,  but  would  consume  water  e.g., 
up  to  one  gal  per  gal  of  jet  fuel  converted.  Sulfur  in  the  logistic  fuel 
could  be  separated  from  the  SCW  as  inorganic  sulfate  salts  by  injecting 
caustic.  Products  yields  and  process  efficiencies  remain  to  be  determined, 
but  are  expected  to  be  adjustable  by  manipulating  temperature,  pressure,  and 
other  operating  conditions.  Maximum  theoretical  H2  production  is  estimated 
at  160  standard  cubic  feet  (SCF)  per  gallon  of  jet  fuel  converted  (or  320  SCF 
with  the  WG  shift)  .  Without  co-processing  waste  (see  below)  an  additional 
2/3  to  3/4  gal  of  jet  fuel  might  be  needed  to  supply  process  energy.  In  a 
50%  efficient  fuel  cell  160  SCF  of  H2  will  generate  about  6.7  kWh  of 
electricity.  In  practice,  lower  H2  yields  and  significant  production  of 
methane  or  other  hydrocarbons  may  arise  because  of  equilibrium  or  kinetic 
limitations.  Research  is  needed  to  shed  light  on  the  specifics.  A  process 
field- deployable  in  two  ISO  containers  (8'  wide  x  8.5'  high  x  20'  long)  has 
the  potential  to  supply  one  to  two  companies  of  soldiers  each  consuming  250 
watt  of  electricity  on  a  continuous  basis  (assuming  a  fuel  cell  efficiency  of 
50%).  Further,  the  SCW  process  could  operate  on  impure  water  and  be  used  to 
destroy  human  or  other  toxic  wastes.  Such  "dual  use"  applications  could 
reduce  or  eliminate  the  need  for  other  waste  decontamination  technologies, 
generate  potable  water,  and  provide  a  source  of  process  heat  for  H2 
manufacture.  Research  is  needed  to  determine  yields  of  H2  and  other  products 
from  jet  fuel  and  diesel  fuel,  desulfurization  potential,  and  process  thermal 
efficiency  all  as  affected  by  practically  relevant  operating  conditions  e.g., 
temperature,  pressure,  feed  concentration,  feed/air  ratio,  and  reaction  time. 

In  the  second  approach,  an  electrical  discharge  (thermal  plasma)  reactor 
would  be  used  to  convert  logistic  fuel  plus  calcium  oxide  (or  magnesium  oxide 
or  calcined  dolomite)  to  H2  according  to  the  following  global  reactions:^ 


3"CH2"  -I- 

CaO  -  -  -  - 

- >  CaC2 

+  3H2  +  CO 

Jet  Fuel 

5"CH2"  + 

2MgO  ---- 

----->  Mg2C3 

+  5H2  +  2C0 

Jet  Fuel 

Theoretical  maximum  H2  yields  are  about  160  SCF  per  gal  of  jet  fuel 
converted.  Fuel  sulfur  should  be  captured  as  CaS  or  MgS.  Actual  product 
yields,  extents  of  sulfur  recovery,  and  process  thermal  efficiency  remain  to 
be  determined,  but  there  is  potential  to  achieve  H2  yields  per  kWh  of 
electricity  comparable  to  or  better  than  the  7  SCF  of  H2/kWh  of  conventional 
water  electrolysis.^  However,  because  logistic  fuel  would  be  consumed  as 
both  the  H2  feedstock  and  (by  combustion  e.g.,  in  diesel  or  gas  turbine 
generators),  to  produce  electricity  to  run  the  plasma,  the  total  yield  of  H2 
per  gallon  of  fuel  consumed  will  be  less,  e.g.,  in  the  case  of  jet  fuel 
perhaps  2/3  to  3/4  that  of  water  electrolysis  where  the  fuel  is  used  only  to 


provide  electricity.  The  plasma  approach  does  generate  valuable  co-products 
like  CaC2  and,  in  contrast  to  electrolysis,  does  not  consume  water  as  its 
hydrogen  source.  More  quantitative  understanding  of  process  fuel 
requirements  and  H2  production  potential  requires  research  to  determine 
yields  of  H2  and  co-products  from  logistic  fuels,  desulfurization 
capabilities,  and  process  thermal  efficiencies,  as  affected  by  operating 
conditions  that  can  be  manipulated  in  relatively  portable,  field-operable 
units,  e.g.,  plasma  power,  CaO/fuel  ratio. 

If  successful,  both  of  these  approaches  would  generate  H2  from  diesel 
and  jet  fuel,  using  field-operable,  portable  equipment.  Yields,  thermal 
efficiencies,  co-products,  and  effectiveness  in  sulfur  capture  remain  to  be 
established,  but  both  methods  have  the  potential  to  meet  projected  H2  needs 
of  forward  operating  military  units  on  a  continuous  basis,  using  hardware 
that  could  be  shipped  in  a  small  number  of  ISO  containers  and  then  field- 
assembled.  Further,  multiple  military  and  civilian  uses  are  possible  with 
one  or  both  of  these  technologies,  e.g.,  wastes  destiniction,  generation  of 
other  useful  fuels  like  methane  for  field  stoves,  and  production  of  potable 
water.  Research  along  the  lines  discussed  above  is  needed  to  assess  the 
technical  and  economic  feasibility  of  these  two  approaches  and  to  provide 
data  for  comparing  their  performance  potential  with  that  of  other 
technologies  for  field  production  of  H2,  e.g.  electrolysis  of  water,  high 
temperature  reforming,  and  partial  oxidation. 
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A  PRIMER  ON  SUPERCRITICAL 

WATER  (SCW) 


•  H2O  Above  Its  Critical  Temperature 
(374°C)  and  Pressure  (221  bar) 


•  Physicochemically  Different  From 
“Normal”  Water 

•  An  Unassociated,  Non-Polar  Solvent 

-  O2,  N2,  CO,  H2  Totally  Miscible 

-  Many  Organics  Totally  Miscible 

-  Common  Inorganics  Virtually  Insoluble 

•  Oxidation  of  Organics  Rapid  and 
Thorough 
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WET  MANUFACTURE  OF  H2 
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WET  MANUFACTURE  OF  H2 


PROPOSITION 


Convert  Jet  and  Other  Military  Fuels  to 
H2  By  Oxidation  in  Supercriticai  Water: 


sew 

“CH2”  - ^  CO  +  H2  (3) 

Jet  Fuel,  etc  400-700°C 

Air 


sew 

CO  +  H2O  -  ^Q0~700°C>  CO2  +  H2  (4) 

Air 
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“POTENTIAL”  (i.e.  MAXIMUM 
THEORETICAL)  YIELDS  OF 
YDROGEN  BY  REACTING  JET 


A 


DEFINITIONS  AND 
CONVERSION  FACTORS 


•  1  “Power  Warrior”  (PW)  =  1  Paur  Warrior 


•  1  Power  Warrior  =  1  Soldier  or  Marine 
Using  1/4  kW  Continuously  for  1  Day 
=  6  kW-h  s  0.9  lb  H2  (@  50%) 


•  1  PW  =  H2  From  1  Gal  Jet  Fuel  (50% 
Efficient  Fuel  Cell,  No  Water  Gas  Shift) 


•  1  PW  =  H2  From  1/2  Gal  Jet  Fuel  With  WG 
Shift  BUT  “Costs”  1/2  Gal  of  Water 


•  45  X  8  X  8.5  Feet  High  Trailer  Truck 
Mounted  SCWO  Process  =  40  -  400  PW’s 
O.e.  ~  1  platoon  to  2  companies) 
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H2  from  scwo  of  jet  fuel, 

ETC.  RESEARCH  NEEDS 


•  Technically  Feasible  For  Jet  Fuel,  Diesel, 
etc. 

•  Yields/Selectivity/Production  Rates  of  H2 
For  Practically  Sensible  Conditions 

•  How  to  Turn  Water  Gas  Shift  On  and  Off 

•  Other  Feedstocks  (Wastes) 

•  Improve  Yields,  e.g.  Supply  1000  PW’s 
From  One  Trailer  Truck 

•  Compatibility  With  Dirty  Water  or  Seawater 

•  Corrosion 

•  H2  Separation  &  Purification 

•  Economic  Assessment 
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H2  by  scwo  of  jet  fuel, 

ETC.,  PROS  AND  CONS 


•  Use  Field“Avai8ab!e  Feedstocks 

•  Ha  Arrives  Already  Pressurized 

•  Could  Accommodate  Impure  Water 

•  Field  Manufacture  Possible  (Trailer  Truck) 

•  High  Pressure  System 

•  High  Tech  Chemical  Processing 

•  Would  Like  Higher  Yields  From  Trailer 
Mounted  Unit 
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Gargantuan  Heat  Flux  Densities 


Expected  Chemistries 

-  Deep  or  Total  “Reforming”  of  Feed 
to  Constituent  Elements,  Ions  & 
Excited  States 

-  Creation  and  Reaction  of  Energetic 
Intermediates 

-  Survival  of  the  “Chemically  Fittest 
»  Rapid  Quenching  Very  Important 
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METHANE  CONVERSION  IN  ELECTRICAL 

DISCHARGES 


►  A  Logical  Way  to  Overcome  Methane  Stability 

►  Acetylene  Manufactured  by  CH^  Pyrolysis  in 
Commercial  Arcs 

•  LG.  Far  ben  (Huels,  Germany) 

•  DuPont  (Montague,  MD 

►  Lower  Yields  and  Selectivity 

►  Unwanted  (Probably  Toxic)  By-Products 

•  Soot 

•  Tars 

•  PAH 

^  Need  for  Rapid  Quenching  of  Reactive 
Intermediates  for: 

2  CH,  C2H2  +  3 

►  Without  Adequate  Quenching: 

(2  +  X)  CH4  CjHj  +  3  Hj  +  tars  +  soot  +  etc. 


DRY  MANUFACTURE  OF  H2 


Proposition 


Arc 

3  “CH2”  +  CaO - >  CaC2  +  3H2  +  CO 

Discharge 

Jet  Fuel 


Arc 

•  5“CH2”  +  2MgO  - - >  Mg2C3  +  5H2  +  2CO 

Discharge 

Jet  Fuel 
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DRY  MANUFACTURE  OF  H2 


Potential  (i.e.  Maximum 
Theoretical)  Yields  Per 
Gal.  of  Jet  Fuel  Converteda 


Arc  CO  H2  H2 

Discharge  (SCF)  (SCF)  (PW) 

CaO  Route  53  160  1 

MgO  Route  64  160  1 


aAn  additional  2  to  3  gal  of  jet  fuel  may  be  needed  to 
supply  electricity  assuming  electrical  generator 
efficiencies  of  25  to  30%.  Water  electrolysis  to 
produce  the  same  amount  of  H2  would  also  require 
roughly  this  amount  of  jet  fuel  to  generate  the 
electricity. 


ale:  11/10/94 


DRY  (ARC  DISCHARGE)  ROUTE 
TO  H2  -  RESEARCH  NEEDS 


•  Technical  Feasibility  For  Jet  Fuel,  Diesel,  etc. 

•  Thermal  Efficiency 

•  Yields/Selectivity/Production  Rates  of  H2 
For  Practically  Sensible  Operating 
Conditions 

•  Hydrogen  Separation  &  Purification 

•  Economic  Assessment 

•  Scaleup  of  Plasma  Reactor 

•  Feasible  w/o  Plasma  (Pure  Thermal 
Routes) 

•  Yields  vs  Portability 

•  Management  of  CO  &  Carbides  (Dual  Use!) 


ale:  10/25/94 


DRY  (ARC  DISCHARGE)  ROUTE 
TOh 
C 


ale:  ll/9y94 


SUMMARY 


•  Two  Non-Conventional  Routes  to  H2 
Proposed 

I 

•  Both  Would  Use  Standard  Military  Fuels  As 
H2  Source 

•  *1  Gal  Jet  Fuel  =  1  “Power  Warrior” 

=  0.9  lb  H2  =  6.0  kW-h  (@  50%) 

•  •  Potential  To  Supply  One  to  Two  Companies 

of  Soldiers  From  One  Trailer  Truck  Mounted 
Processes 

• 

•  Plasma  Approach  Requires  No  Water 

•  •  sew  Approach  Could  Operate  In  Limited 

Water  Consumption  Mode  or  Use  Dirty  Water 

•  Several  Research  and  Development 

*  Challenges  BUT 

•  High  Potential  Payout  Including  Significant 

*  Dual  Use  Potential 

-  Wastes  Destruction 

-  Premium  Co-Products 

•  -  Potable  Water 


ale;  11/9/94 
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UPDATE  ON  BATTERY  WORKSHOP 
Prospector  III 


Bob  Guenther 

Physics  Division, 
Army  Research  Office 


The  results  of  the  Prospector  III  Workshop  include  new  initiatives  in  power 
source  systems  designed  for  the  individual  soldier.  The  Soldier  System  has  a 
4500  W-hr  mission  requirement  in  the  future.  With  that  requirement,  planners 
have  examined  the  options  available  in  the  area  of  batteries,  motor/generator 
systems,  nuclear  (radioisotope)  source  systems,  and  fuel  cells.  Only  motor- 
generator  and  fuel  cell  power  systems  show  near-term  capability  to  reach  the 
4500  W-hr  goal,  thus  Prospector  Vll  is  playing  a  vital  role  in  shaping  research 
and  development  program  decisions  dedicated  to  small,  compact  power  sources 
for  the  SS.  A  table  entitled  "SS  -  4500  W-hr  Mission"  shows  the  potential  for 
improvement  in  the  four  candidate  systems  mentioned  previously. 

The  21  St  Century  Land  Warrior  II  System  was  outlined  for  Workshop 
participants.  The  major  program  components  were  discussed  and  related  to 
supporting  programs.  System  components  were  explained  in  terms  of  their 
weight  and  energy  requirements. 


Prospector  VII 

October  31  -  November  3, 1 994 


UPDATE  ON  BATTERY  WORKSHOP 

(Prospector  III) 


Bob  Guenther 
Director 

Physics  Division 
Army  Research  Office 
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1-kW  output.  /I— Zn^ir,  375Wh/kg;  Zn/air  hybrid;  C— >Ni-Cd,  35  Wh/kg; 
120  Wh/kg;  E— Li/MnOj,  225  Wh/kg;  E— Li-ion.  85  Wh/kg. 


21st  Century  Land  Warrior 

Program  Components 
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FO/FAC  ATD  (USMC) 
Individual  Mine  Detection  TD 
Combat  ID  TD 
Individual  Soldier  Power  TD 


DEMONSTRATIONS,  DISPLAYS 

& 


POSTER  SESSIONS 


DEMONSTRATION,  DISPLAY  &  POSTER  SESSION 

Chairman:  Dr.  Richard  Paur  (ARO) 


Four  events,  a  demonstration,  display,  and  poster  session  of  portable  fuel 
cell  technology,  provided  enrichment  to  the  technical  presentations  and  "hands 
on"  opportunities  for  participants. 

A.  nfimonstration/PisDlav:  Analytic  Power's  Operational  Fuel  Cell  (Bloomfield) 

B.  Di.splav:  CECOM's  Fuel  Cell  Development  Device  (Taschek) 

C.  Poster  Session:  Factors  Governing  On-Line  Hydrogen  Generation  from 

Aluminum  in  Alkaline  Solution  (Rao) 

D.  Pn.ster  Se.ssion:  PEM  Fuel  Cells  -  Basic  Research  to  Tech  Development 

(Srinivasan) 


The  fifty-three  participants,  drawn  from  industry  (19),  academia  (12),  arid 
government  agencies  and  laboratories  (22),  represent  a  balanced  cross-section 
of  fuel  cell  researchers,  users,  and  technologists. 

The  remainder  of  this  document  is  a  collection  of  the  Workshop 
presentations  and  summaries  from  the  individual  Working  Groups.  The 
Appendices  contain  additional  documentation  or  background  papers  as 
necessary  to  provide  a  complete  written  record  of  the  events  of  Prospector  VII. 
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ANALYTIC  POWER  CORPORATION 


(617)  542-6352.  FAX  (617)  695-3272.  BOX  1189.  BOSTON.  MA  02117 


INTRODUCTION  TO  ANALYTIC  POWER 

Analytic  Power,  a  privately  held  Massachusetts  Corporation  since  1984,  has  expertise 
in  mechanical,  chemical  and  electrochemical  engineering.  We  have  won  nine  Phase  I  and 
four  Phase  11  Small  Business  Innovative  Research  (SBIR)  awards,  an  Army  SBIR  Phase  II 
Quality  Award,  and  US.  Patents  for  Unitized  Fuel  Cells  and  Electrochemical 
Refrigeration.  We  work  for  private  industry  and  the  government. 

We  do  research  and  development  in  fuel  cells,  batteries,  compressors,  thermal 
systems  and  fuel  processing  systems.  Our  commercial  line  includes  the  recently  announced 
Century  Series  Fuel  Cell  Power  Supplies,  a  portable  chemical  hydride  hydrogen  generator 
and  hydrocarbon  reforming  hydrogen  generators. 

Our  Phase  II  SBIR  program  with  the  Army  Research  Office  yielded  Analytic  Power’s 
25  Watt  to  500  Watt  fuel  cell  power  supplies.  These  compact,  air  breathing  power 
supplies,  which  can  be  equipped  with  a  very  compact  hydrogen  source,  are  suitable  for 
applications  requiring  very  high  energy  densities.  This  program  won  an  Army  SBIR  Phase 
n  Quality  Award. 

A  Navy  Phase  II  SBIR  program  is  sponsoring  a  10  KW  fuel  ceU  power  plant  for 
naval  surface  vessels.  Our  development  program  includes  a  high  performance  membrane 
fuel  cell  stack,  an  autothermal  reformer  based  diesel  fuel  processor,  a  water  and  thermal 
management  subsystem,  a  turbocharger  based  air  processing  system,  and  an  integrated 
control  system. 

Microclimate  cooling  is  the  focus  of  our  electrochemically  driven  heat  pump  program 
with  the  Navy  Clothing  and  Textile  Research  Center.  In  earUer  electrochemic^ 
compressor  work  we  built  an  electropneumatic  robot  actuator  with  assistance  from  MIT  s 
Robotics  Lab  and  a  grant  from  the  National  Science  Foundation.  The  linear  motor  free 
piston  compressor  we  are  constructing  with  ARPA  support  will  bring  the  advantages  of 
pressurization  to  miniature  power  supplies.  We  are  investigating  a  novel,  planar,  low 
temperature  (650  C)  solid  oxide  fuel  cell  using  fabrication  methods  common  to  the 
electronics  industry.  This  work  is  being  done  with  cooperation  from  Tufts  University  and 
support  from  an  NSF  Phase  I  SBIR 

Systems  analysis  is  used  in  all  of  our  internal  programs  and  we  conduct  systems 
analysis  studies  for  others.  The  Naval  Surface  Warfare  Center  used  Analytic  Power’s 
systems  analysis  programs  to  assess  the  impact  of  fuel  cell  technology  on  the  design,  cost 
and  effectiveness  of  surface  combatants  as  published  in  "The  Assessment  of  Fuel  Cell 
Power  Plants  for  Surface  Combatants." 


Introduction  to  Analytic  Power 


Page  2 


Our  olOO  ft2  R&D  facility  is  located  in  Boston.  Mass..  Our  laboratory  includes  ten 
stations  for  testing  single  cells,  fuel  cell  substacks  and  full  stacks,  heat  exchangers,  linear 
motor  free  piston  compressors,  oxygen  and  hydrogen  electrochemical  compressors,  and 
integrated  fuel  cell  power  plants.  Adi  of  our  test  stands  operate  with  in-house  developed 
data  acquisition  and  control 

Analsiic  Power's  protoU^pe  factory  has  a  manufacturing  capacity  of  sixteen  fuel  cell 
stacks  per  month.  The  factory  includes  hydrolysis  facilities,  a  carbon  milling  machine,  and 
electrolytic  treatment  and  vacuum  casting  facilities.  Adi  of  these  were  designed  and  butt 
by  .Analytic  Power.  We  also  have  a  commercial  screen  printer,  presses  with  customized 
temperature  control  systems,  and  several  ovens. 

Aualvlic  Power  has  established  working  relationships  with  vendors  in  many 
disciplines  including  thermoplastic  injection  molding,  adhesives,  machining,  catalysts  for 
fuel  cell  and  fuel  processing,  and  carbon  composite  structures.  We  have  an  extensive 
collection  of  literature  in  chemistry,  electrochemistry,  chemical  engineering,  mechanica 
engineerina,  materials  and  computer  sciences.  We  are  conveniently  located  near  several 
large  libranes  including  MIT,  Harvard,  Hanscom  Field  and  the  Boston  Public  Library.  Our 
location  gives  us  quick  access  to  energy  and  engineering  information. 

Ajialvtic  Power  can  handle  every  phase  of  energy  related  research  and  development 


ANALVnC  TOWER  CORPORATMW 
CENTURY  SERIES  FUEL  CELL  POytfEB  SUPPLIES 


Analytic  Power  announces  the 
Century  Series  Fuel  Cell  Power 
Supplies.  These  power 
supplies  operate  on  hydrogen 
and  air  and  produce  electricity 
and  water.  The  hydrogen  can 
be  supplied  from  regulated  gas 
bottles  or  it  can  be  generated 
by  Analytic  Power's  Fuel  Pacs. 
The  power  supplies  can  be 
operated  between  40°  F  and 
120°F.  The  natural  voltage 
regulation  is  about  37%  from 
full  to  no  load.  Analytic  Power 
can  supply  DC  to  DC  voltage 
regulators  if  required. 


Analytic  Power  FC-200  Fuel  Cell  Power  Supply 


In  fuel  cells,  unlike  batteries,  the  fuel  supply  and  the  electrical  generator  are  separate. 
The  fuel  cell  is  similar  to  an  engine  and  generator  set  except  that  the  efficiency  can 
range  between  56%  and  77%.  The  chemical  hydride  Fuel  Pacs  can  give  the  fuel  cell 
energy  densities  of  800  to  1 ,400  watt  hours/pound. 


Based  on  the  same  technology  used  for  powering  space  craft,  the  fuel  cell  is  silent  and 
pollution  free.  The  Prototype  FC-200  in  the  photograph  was  developed  by  Analytic 
Power  for  the  Army  Research  Office.  It  recently  powered  a  three-wheeled  scooter  and 
replaced  lithium  batteries  to  operate  a  microclimate  cooler. 


ANALYTIC  POWER  CORPORATION 
FC-1 50  SMALL  FORMAT  FUEL  CELL  STACK 


Analytic  Power  announces  the  FC-1 50,  the 
most  recent  addition  to  our  Century  Series 
Power  Plants.  The  FC-1 50,  like  other 
members  of  the  series,  operates  on  air  and 
hydrogen  supplied  either  from  gas  bottles  or 
Analytic  Power's  Fuel  Pacs.  The  39  cell  stack 
develops  28  Volts  at  a  power  level  of  only 
150  Watts.  The  small  format  fuel  cells  are  a 
mere  2.5  inches  square. 

Temperature  Range:  40°F  -  120°F 
Voltage  Range:  28V  (load)  -38V  (open) 

Efficiency:  56%  -  77% 

Voltage  Regulation:  Natural 


Fuel  cells  provide  silent,  pollution  free  power. 
The  FC-1 50  is  being  built  now.  Its  large 
format  relatives,  the  FC-1 00  and  FC-200,  have 
been  operating  for  months  at  rated  power. 


FC-1 50  Specification 


Power 

1 53  watts 

Voltage 

28  volts 

Current 

5  amp 

Cell  Voltage 

0.723  volts 

Current  Density 

125  ASF 

Number  of  Cells 

39 

Length 

11.5  in. 

Width 

4  in. 

Height 

5.75  in. 

Weight 

8.1  lb. 

Volume 

mmm 

Estimated  Cost 

$8,650 

ANALYTIC  POWER  CORPORATION 
FC-1  OK  Fuel  Cell  Stack 


Analytic  Power  announces  the 
FC-1  OK,  a  ten  Kilowatt  Fuel 
Cell  Stack.  The  FC-1  OK 
operates  on  hydrogen  or 
reformed  hydrocarbon  fuel  and 
either  pressurized  air  or 
oxygen.  The  fuel  cell  stack  and 
a  hydrocarbon  fuel  processor 
are  being  developed  in  an 
Office  of  Naval  Technology 
SBIR  program  as  a 
demonstrator  for  surface  ship 
auxiliary  and  propulsion  power. 
The  FC-1  OK  is  also  suitable  for 
undersea  applications. 

The  water  cooled  FC-1  OK  is  a 
stack  of  9.8  inch  diameter 
circular  “twin  packs”  separated 
by  intercell  coolers  with 
advanced  titanium  bipolar 
plates.  Sixty  ceils  and  thirty 
coolers  make  up  a  10.7  inch 
high  stack. 

Like  all  fuel  cells,  the  FC-1  OK  is 
a  silent,  pollution  free,  power 
generator.  The  fuel  cell 
efficiency  of  56%  at  its  rated 


power  point  increases  as  load  is  reduced. 
The  FC-1  OK  is  in  development  today. 
Analytic  Power's  Century  Series  fuel  cell 
power  supplies,  the  FC100  and  FC200, 
have  operated  for  months  at  rated  power. 


Temperature  Range: 

120°Ftol80T 

Voltage  Range: 

42V (loa^  -58V (open) 

Voltage  Regulation: 

Natural 

Pressure: 

150  psig  maximum 

Power: 

10.3  kW 

Current  Density: 

1000  ASF 

Weight: 

48  Lbs 

Volume: 

265  in^ 

ANALYTIC  POWER  CORPORATION 
FUEL  PAC  750 


Analytic  Power  Corporation  announces  the 
•  Fuel  Pac-750.  The  Fuel  Pac-750  will 

produce  15.5  cubic  feet  (440  liters)  of 
hydrogen,  enough  for  750  watt  hours  of 
energy  with  Anlaytic  Power’s  Century 
Series  Fuel  Cells. 

The  Fuel  Pac  produces  hydrogen  on 
demand  by  reacting  the  chemical  hydride 
fuel  cartridge  with  the  water  stored  in  the 
^  Fuel  Pac.  The  Fuel  Pac  can  be  started  and 


stopped.  It  is  position  insensitive, 
operating  equally  well  on  its  side  or 
inverted.  The  Fuel  Pac  fuel  cartridge  is 
available  from  Analytic  Power. 


Fuel  Pac-750  Specification 


Weight: 
Dimensions: 
Cartridge  Weight: 


3.5  pounds 

4.5"  dia.  x  6.5"  long 

80  grams 


Analytic  Power  Corp. 
PO  Box  1189 


Boston,  MA  02117 


si-f 


ANALYTIC  POWER  CORPORATION 
HYDROCARBON  FUEL  PROCESSOR 


Analytic  Power  Corporation 
announces  the  Hydrocarbon 
Fuel  Processor  (HFP).  The 
HFP  produces  4.6  cfm  of 
hydrogen  from  4.7  pounds  of 
sulfur  bearing  (0.25%)  diesel 
fuel  per  hour.  All  lower 
molecular  weight  hydro¬ 
carbons  including  kerosene, 
propane  and  natural  gas  can 
be  processed 

Designed  for  stand-alone 
operation,  the  HFP  includes 
an  auto-thermal  reformer,  shift 
converter,  sulfur  scrubber, 
and  a  package  boiler. 

The  HFP  is  fully  instrumented 
including  an  IR  spectrometer 
for  measuring  carbon  dioxide 
levels  in  the  reformer  effluent. 


SPECIFICATION 

Height 

5.4  FEET 

Width 

5.0  FEET 

Depth 

2.5  FEET 

Weight 

1200  LBS^ 

Power 

50  Amp,3-phase, 
220  Volts 

Price 

$50,000  ^ 

^  With  full  tanks 
^  FOB  Boston  including  opera¬ 
tor’s  manual  and  simulation 

software 

Analytic  Power  Corp. 
PO  Box  1189 
Boston,  MA  02117 
617-542-6352 
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POSTER  SESSION  C 


FACTORS  GOVERNING 
ON-LINE  HYDROGEN  GENERATION 
FROM  ALUMINUM  IN  ALKALI  SOLUTION 


I 


BHASKARA  M.L.  RAO 

•  EXPLORX  INC . 

6  FINCHLEY  COURT,  SOUTHAMPTON,  NJ  08088 

On-line  generation  of  Hydrogen  is  of  interest  as  fuel  source  for 

•  portable  Hydrogen -oxygen  Fuel  Cell  power  source.  Reactions 
associated  with  metal  hydrides,  hydrocarbon  reformer  and 
corrosion  of  light  metals  serve  as  the  basis  for  developing  the 
hydrogen  generators.  In  this  work,  the  factors  governing  on-line 
hydrogen  generation  using  corrosion  of  aluminum  in  alkaline 

0  solution  are  elucidated  using  a  laboratory  reactor  producing  0.15 

Lpm  of  hydrogen.  A  major  impedance  to  the  production  of  hydrogen 
is  that  the  aluminum  surface  is  easily  passivated.  The  surface 
passivation  can  be  reduced  by  increased  temperature  and  increased 
alkali  concentration. 
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Most  Efficient 
Least  Efficient 


EXPERIMENTAL  PARAMETERS 


Type  of  Al  Scrap 


!  Reaction  Control 

I 


H2  Product  Rate 


Stoichiometry 


Reactants/Products 

Management 


Composition 
Size,  Shape 


Alkali  Cone. 
Temperature 
Frothing 
Start/Stop 

ml/min/cm"2 


Al  Utilization 
Water  Requirements 


Al  &  Water  Addition 
Solids  Cone./  Removal 
H2  Purification 
Safety 


MATERIALS 


ALUMINUM  i 

2.5  mm  dia.  6  mm  Wire  Scrap  j 

f 

7  cm''2/gram  ' 

I 

99.7%  Aluminum  | 

i 

I 

ELECTROLYTE  i 

NaOH  {2-5M)  With  AI(OH)3  Pptn. 


EXPERIMENTAL  SET-UP 


H2  GAS 
OUTLET 


160  ml/min  H2  Generation 
With  CAWS  +  Water  Additions 


Decreases  as  AKOH)3  ppt.  “  5( 
Water  Needed  To  Maintain  Rate 


SUMMARY  OF  DATA  COLLECTED  FROM  5  Lpm  HYDROGEN  GENERATOR 
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10.  FOAMING  -YES 


POSTER  SESSION  D 


SHORT  ABSTRACT 


PROTON  EXCHANGE  MEMBRANE  FUEL  CELLS  - 
BASIC  RESEARCH  TO  TECHNOLOGY  DEVELOPMENT 

Supramaniam  Srinivasan,  A.  Cesar  Ferreira,  Renaut  Mosdale, 
Shinichi  Hirano,  Seong  Min  Lee,  Felix  N.  Biichi  and  A.  John  Appleby 
Center  for  Electrochemical  Systems  and  Hydrogen  Research 
Texas  Engineering  Experiment  Station 
Texas  A&M  University  System 
College  Station,  Texas  77843-3402 


Since  the  late  1950s,  there  have  been  three  incentives  for  the  development  of  fuel 
cell  power  sources  -  the  NASA  Space  Program,  initiated  in  the  late  1950s;  the  Energy 
Crisis  in  1973;  and  the  Environmental  Problems  and  legislations  in  the  1980s  and  1990s. 
In  views  of  the  abundance  of  natural  gas  resources  and  the  good  prospects  for  its  direct 
utilization  in  the  high  temperature  fuel  cells,  the  focus  of  the  fuel  cell  program  is  based  on 
natural  gas  or  natural  gas  derived  fuels.  The  proton  exchange  membrane  fuel  cell 
(PEMFC)  is  one  of  the  most  promising  candidates  for  space,  electric  vehicle  and  portable 
power  sources.  The  rationale  for  this  statement  is  that,  from  an  electrode  kinetic  point  of 
view,  it  shows  the  best  prospects  for  attainment  of  the  highest  energy  efficiencies  and 
power  densities.  The  presentation  material  highlights  the  following  accomplishments  at 
Texas  A&M  University,  which  covers  the  spectrum  of  basic  research  to  technology 
development: 

(i)  development  of  a  micro  electrode  technique  to  determine  electrode  kinetic, 
mass  transport  and  ohmic  parameters; 

(ii)  optimization  of  the  structures  and  compositions  of  the  electrodes  and  of 
membrane  and  electrode  assemblies  to  lower  platinum  requirements  (to  0.2  g/kW)  and 
attain  higher  energy  efficiencies  and  power  densities; 

(iii)  demonstration  of  low  ohmic  losses  with  advanced  membranes  having  high 
water  content  and  good  water  retention  characteristics; 

(iv)  experimental  and  theoretical  analysis  which  provided  an  insight  on  methods 
to  minimize  mass  transport  limitations  with  air  as  a  cathodic  reactant  and  finding  an 
empirical  equation,  which  excellently  fits  the  experimental  cell  potential  vs.  current  density 
dat^ 


(v)  finding  solutions  to  the  challenging  water  and  thermal  management 
problems  -  for  example  (a)  operation  of  PEMFCs  without  external  humidification,  and  (b) 
evaporative/air  cooling; 

(vi)  multicell  stack  development  with  low  platinum  loading  electrodes;  and 

(vii)  experimental  analysis  of  PEMFCs  illustrating  the  electrocatalytic  and 
depolarization  problems  in  PEMFCs  using  methanol  directly  as  a  fuel. 

The  techno-economic  challenges  in  PEMFC  technology  are  as  stressed  in  the 
relevant  viewgraph  material. 
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In  this  section,  the  reader  will  find  a  summary  prepared  by  the 
individual  Working  Groups,  followed  by  a  complete  set  of  the 
presentation  materials  briefed  in  the  final  Plenary  Session.  In  that 
final  session,  each  Chairperson  briefed  the  Workshop  participants 
the  results  of  the  Working  Group  discussions  and  presented  the 
Findings  and/or  Recommendations  of  that  particular  group. 
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SUMMARY 
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Applications  for  Commercial  Products  &  Specific  Missions 


PROSPECTOR  VIL  SMALL,  PORTABLE  FUEL  CELLS 

GROUP A 

APPLICATIONS  FOR  COMMERCIAL  PRODUCTS  &  SPECIFIC  MISSIONS 

INTRODUCTION 

The  Applications  for  Commercial  Products  &  Specific  Missions  Working  Group  (A)  was 
tasked  with  the  identification  and  analysis  of  applications  for  small  fuel  cells  with  output  power  less 
than  IkW.  The  charge  to  the  working  group  included  the  following  requirements  and  constraints; 

•  Small  fuel  cells  means  less  than  1  kW  at  the  upper  end  of  the  range  and  as 
small  as  is  practical  at  the  lower  end. 

•  The  military  will  always  be  looking  for  better  power  sources,  but  the  current 
emphasis  is  on  the  Soldier  System. 

•  The  comnlete  system  has  to  be  carried;  it  is  the  energy  density  of  complete 
systems  that  counts. 

•  Assess  the  state-of-the-art  of  low  power  (<  1  kW)  fuel  cell  systems. 

•  Assess  whether  it  is  reasonable  to  try  to  develop  much  smaller  fuel  cell 
systems  for  battery  replacement,  i.e.  assess  the  scaling  laws,  heat  transfer, 
fuel  supply,  etc.  issues. 

•  Address  some  system  issues  such  as:  (i)  stack  integration,  (ii)  air 
quahty/clean-up,  (iii)  environmental  effects  (e.g.  freeze/thaw,  etc.),  (iv) 
attitude  sensitivity,  (v)  shelf-life,  readiness,  (vi)  start-up  time,  simplicity  of 
shut-down. 


Prospector  VII  -  Small  Fuel  Cells 


page  1 


Group  A 


Applications  for  Commercial  Products  &  Specific  Missions 


WCmCINGJSlBmDEJgABIimEA^^ 

The  working  group  participants,  listed  in  table  1,  were  drawn  from  military,  industrial  and 
academic  organizations,  allowing  a  broad  perspective  of  fuel  cell  applications.  Essentially,  “users,” 
“technologists,”  and  “appliers,”  were  represented  from  government,  university  and  industry 
organizations.  There  was  a  heavy  prevalence  of  industry  personnel  (50%)  allowing  the  development 
of  applications  to  be  studied  from  a  commerical-manufacturability  standpoint.  Government  and 
university  representation  was  33%  and  17%,  respectively.  During  later  discussions  the  group  was 
augmented  by  the  presence  of  extra  government  personnel,  mainly  from  the  Army. 

To  estabhsh  the  ground  rules  for  the  discussion,  the  chairman  provided  a  review  of  the 
workshop  requirements  in  terms  of  the  information  to  be  assessed  and  the  areas  in  which 
conclusions  should  be  reached  by  this  working  group.  The  group  initiated  its  discussion  by  a 
statement  from  each  participant  outhning  their  goals  and  expectations  for  this  workshop.  While 
these  reflected  the  organizational  backgrounds  of  the  individuals  concerned,  a  significant  correlation 
of  positions,  none  conflicting,  evolved.  The  group  then  considered  the  planned  discussion  topics, 
determining  the  relevant  questions  to  be  addressed  by  the  group,  and  deciding  upon  the  format  of 


G 

Tom  MALONEY 

NYMA  Inc.  /  NASA  Lewis  Res.  Center  [chair] 

A 

David  HILL 

Auburn  University 

[assist,  chair] 

G 

Narayan  DODDAPANENI 

Sandia  National  Laboratories 

I 

Seindors  ABENS 

Energy  Research  Corporation 

G 

Kathy  HITHE 

Dep»artment  of  Defense 

I 

Radha  JALAN 

Electrochem 

I 

Richard  VARJIAN 

Dow  Chemical 

I 

Jerry  CHODEL 

Ball  Aerospace 

I 

James  HUFF 

Ballard  Power 

A 

Frank  ROSE 

Auburn  University 

I 

Mohammad  ENAYETULLAH 

H-Power  Corporation 

G 

Walter  TASCHEK 

US  Army  Belvoir  RD&E  Center 

Table  1.  Participants  in  the  Applications  for  Commercial  Products  &  Specific 
Missions  Working  Group.  A  =  academic:  G  =  government:  I  =  industry. 

the  final  report  and  briefing  to  the  Workshop  body.  It  was  decided  to  use  the  three  formal  questions 
put  to  the  working  group  by  the  workshop  secretariat  as  the  framework  for  discussion.  Also,  no 
discrimination  was  made  between  applications  and  Army  missions. 
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Below  are  included  a  series  of  introductory  quotes  from  the  various  members  of  the  working 
group,  representing  their  fundamental  view  of  the  workshop  and  what  they  hoped  to  obtain  from 
their  participation.  It  should  be  noted  that  there  was  a  broad  range  of  users,  technologists,  appliers, 
etc.  from  industry,  the  military,  government,  and  universities. 

Narayan  Doddapaneni  “...interested  in  applications  of  small  motors  of  all  types.” 

Sandors  Abens  “...representing  a  company  whose  principal  business  is  in  high  energy  fuel 

cells  since  1969.  Has  produced  many  US  Army  tactical  powerplants. 
Mfgor  thrust  is  in  direct  hydrocarbon  fuel  cells  with  a  2  MW 
demonstration  occurring  in  1995.  In  the  3-15  kW  range,  is  developing 
push-button,  microprocessor-controlled  fuel  cell  systems  using  methanol 
with  external  reforming  and  having  conditioned  power  output  with  load- 
folowing  capability.  This  represents  relevant  experience  for  the  Soldier 
System.” 

Kathy  Hithe  “...fuel  cell  program  manager  developing  small,  man-portable  power 

systems  for  special  operations  forces.  Performance  and  reliability  are  the 
top  priority  over  leave-behind  or  throwaway  systems-,.. 


Radha  Jalan  “...small  business  owner  involved  in  product  development  to  increase  the 

volume  of  sales  of  fuel  cells.  Wants  to  see  fuel  cell  technology  become 
integp'ated  with  household  products.  Market  potential  depends  on  public 
information.  ” 

Richard  Vaijian  “...representing  a  supplier  of  membranes  and  electrode  systems  to  major 

fuel  cell  manufactxirers.  Very  interested  in  PEM  fuel  cell  applications  for 
both  military  and  commercial  activities.  The  scale-down  problem  is  of 
crucial  interest  in  such  applications  and  also  the  use  of  either  hydrogen  or 
methanol  fuels.” 

Mohammad  Enayetullah  “...running  a  fuel  cell  hybrid  bus  program  and  using  small  PEM -based 

fuel  cells  in  the  lO-lOOmW  range  with  air-breathing  mode  at  30-50  ASF.” 

Walter  Taschek  “...working  on  the  integration  of  the  Soldier  System  micro-climate 

cooloing  (MCC)  system  with  fuel  cell-based  power  systems.  Deep 
background  in  low  power,  long  mission  systems.” 
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“...working  on  PEM-based  fuel  cells  since  1983  for  utility  and 
transportation  (e.g.  buses)  organizations.  Has  tested  a  6-cell,  25W  system 
for  25,000  hours  to  demonstrate  small,  long-life  systems.” 

“...interested  in  the  key  issues  of  fuel  cell  science  and  technology  to  solve 
problems  associated  with  a  broad  range  of  military  and  commercial  power 
requirements.  Also  interested  in  competitor  technologies.  Sees  the  need 
for  universities  to  work  with  industry  and  to  licence  patents  to  industry, 
making  money  for  both  the  industrial  and  academic  partners.” 

“...representing  a  power  systems  integrator  to  take  what  is  available  and 
to  incrementally  improve  the  elements  to  provide  a  better  total  system. 
Especially  interested  in  the  issues  of  reactant  storage.  Wants  to  find  the 
right  niches  for  products  in  the  government  procurement  market.” 

GENEKIC  ARMY_BEQIIIB]SMEiN!IS 

Three  major  Army  infantry  missions  where  a  fuel  cell  may  be  employed  on  the  soldier  to  provide 
autonomous  power  were  considered;  (i)  Dismoimted  Infantry  Combat,  (ii)  Airborne  Deployment, 

(iii)  Special  Operations.  All  three  have  different  logistics  requirements  for  fuel  supply.  Such 
missions  are  represented,  in  terms  of  peak  power  and  energy  storage  requirements,  by  the  typical 
missions  listed  in  Table  2.  Note  that  energy  storage  value  is  based  upon  mission's  duty  cycle. 


Duration 

Power  -  Watts  (W) 

Energy  -  W-Hrs 

4  Hours 

300 

1,200 

6  Hours 

30 

180 

8  Hours 

100 

800 

24  Hours 

100 

2,400 

24  Hours 

500 

2,000 

48  Hours 

250 

12,000 

72  Hours 

300 

5,000 

7  Days 

100 

700 

30  Days 

50 

3,000 

James  Huff 


Frank  Rose 


Jerry  Chodil 


Table  2.  Projected  power  and  energy  requirements  for  a  broad-range  of  typical  Army 
missions.  Note  that  the  duty-cycle  is  different  for  the  various  missions,  [source: 

Walter  Taschek,  US  Army  Belvoir  RD&E  Center,  VA] 

In  terms  of  mission  repetition  rate,  any  FC-based  power  system  will  have  to  be  able  to  operate  over 
dozens  of  missions  (i.e.  ~24  to  60)  before  requiring  major  overhaul,  resulting  in  a  lifetime  of  between 
500  and  1,000  hours,  typically.  Also,  such  a  system  may  have  to  operate  over  100  hrs  (i.e.  several 
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short  missions)  under  extreme  environmental  conditions  (e.g.  dust,  temperature,  rain,  etc.)  without 
access  to  maintenance  facilities  other  than  those  that  can  be  provided  in-the-field  by  combat  soldiers. 
This  set  of  requirements  far  exceeds  the  demands  of  ordinary  commercial  systems. 

STATE-OF-Tiry-ART  ASSESSMENT 

Although  it  was  not  explicitly  defined  by  the  working  group,  the  initial  discussions  did  generate  a 
generic  system  configuration  that  provided  the  basis  for  all  discussions.  Such  a  generic  system 
comprises  the  following  elements: 

•  Converter  (stack) 

•  Fuel  tank 

•  Oxidizer  tank  (optional) 

•  Fuel  (and  oxidizer)  delivery  sub-system 

•  Thermal  control  sub-system  ( inch  fan,  filter,  etc.) 

•  Electrical  output  power  conditioning 

•  Structure  (other  than  that  integral  to  the  other  elements) 

System-level  requirements  added  by  the  working  group  included: 

•  Fuel  cell  elements  should  be  re-usablfe 

•  Fuel  pack  should  be  renlaceable/exchangeabk-for  fast  refueling 

•  System  operation  should  be  attitude  insensitive 

•  Fuel  and  oxidizer  supply  should  have  high  puritv  to  support  reliability  and  lifetime 

When  discussing  the  applicability  of  fuel  cells  to  Army  missions  and  other  commercial  products  there 
were  several  metrics  which  figured  in  the  discussions: 

•  Peak  power 

•  Energy  available  (i.e.  fuel  capacity,  fuel  consumption,  conversion  efficiency,  etc.) 

•  Weight 

•  Volume 

•  Reliability 

•  Stack  (cell)  output  voltage 

•  Output  current 

Subject  to  the  Army  requirements,  the  H2-Air  PEM  fuel  cell  system  using  forced  air  cooling  was 
baselined  as  state-of-the-art.  Compressed  hydrogen  storage  was  assumed  for  the  baseline  because  of 
the  inherent  simplicity  of  supply,  the  immediate  multiple  start/stop,  freeze/thaw  capability,  and 
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attitude  insensitivity  requirements.  No  oxidizer  tank  is  necessary  for  this  configuration.  The 
following  specification  for  a  Soldier  System  H2-Air  PEM  fuel  cell  stack  operating  at  1  atm  was 
determined  to  be  state-of-the-art: 

®  150  W  output  electrical  power 

©  H2-ambient  air  w/filtration 

0  Forced  ambient  air  convective  cooling 

0  Efficiency  -50%  @  140  ASF  to  65%  @  80  ASF 

®  Weight  -5-7  lbs  (3.6  kg  -  4.5  kg) 

®  Volume  -150  -  170  cu.in.  (-2.5  Itr) 

®  Lifetime  >  500  hours  with  proper  care  (i.e  clean  fiiel  and  filtered  air  supply) 

Stack  mass  was  estimated  to  be  approximately  20  -  30  W.lb'^  (  =  44  -  66  W.kg-i)  peak  power  using 
Nafion®  117  membranes.  The  working  group  agreed  that  moving  to  Nafion®  105  membranes  would 
improve  the  power  conversion  efficiency  by  upto  50%  taking  the  specific  power  to  the  30  -  45  W.lb'^ 
range.  Stack  mass  for  the  baselined  150W  electrical  power  requirement  results  in  a  5  -  7  lb  stack 
using  Nafion®  117  with  a  reduction  to  the  range  3.3  -  5  lb  for  Nafion*  105. 


Then,  state-of-the-art  PEM  FC-based  systems  were  analyzed  in  terms  of  mission  duration, 
energy  storage,  all-up  system  weight  and  volume,  and  hydrogen  usage.  These  data  are  shown  in 
table  3 


Energy 

Duration 

H2  Mass 

Tank  Mass/Vol 

Total  Mass/V  ol 

W.hr.kg-i 

W.hr.ltr^ 

[W.hr] 

[hr] 

[kg] 

[kg]  /  ntr] 

[kg]  /  [Itr] 

900 

6 

0.050 

0.93/0.92 

1.00/0.92 

130 

240 

1200 

8 

0.064 

1.17/1.20 

1.20  /  1.20 

165 

300 

1800 

12 

0.100 

1.70/1.70 

1.80/1.70 

230 

400 

Table  3.  H2-air  FC-based  power  system  operating  at  150  W  output  power.  FC  stack  has  the 
following  characteristics:  current  density  =  100  ASF,  efficiency  =  60%,  weight  =  4.5  kg, 
volume  =  2.5  Itr.  H2  tank  PbVA¥  =  1.1E6  in.,  safety  factor  =  4.  Ancilliary  systems  are 
estimated  to  weigh  1.5  kg  with  a  volume  of  0.3  Itr.  Based  on  a  H2  burn  rate 
of  0.0565  kg.kW  hhr^  (=  0.1243  lb  per  kW-hr) 

Reversible  and  primary  hydrides  may  be  feasible  as  fuel  supplies,  pending  further 
development,  especially  for  commercial  applications.  Other  technologies  such  as  methanol-air/02 
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fuel  cells  and  solid  oxide  fuel  cells  were  not  thoroughly  assessed  since  those  technologies  are  not  yet 
mature  and  cannot  be  assessed  at  a  system  level. 

Balance-of-plant  elements  (fuel  delivery  system,  thermal  control  system,  power  conditioning, 
structure)  are  not  regarded  as  significant  problems  for  FC-based  power  systems.  The  technologies 
required  for  these  sub-systems  are  well-developed.  Mass  and  volume  clearly  must  be  minimized,  but 
this  can  be  accompUshed  by  iterative  design  improvements  and  weight  reduction  programs.  For 
example,  structural  mass  can  be  reduced  by  substituting  Al-Li  alloys  or  composite  materials  for 
typical  aluminum  structural  members. 

Analytic  Power  Corporation  presented  a  state-of-the-art  small  fuel  cell  system  (FC-150)  with 
the  following  system  specficiations: 


Power 

153  Watts 

Voltage 

28  Volts 

Current 

5  Amp 

Cell  Voltage 

0.723  Volts 

Current  Density 

125  ASF 

Number  of  Cells 

39 

Length 

11.5  in. 

Width 

4  in. 

Height 

5.75  in. 

Weight 

8.1  lb. 

Volume 

265  cu.in. 

H2  gas  storage  under  lO.QOQ  PSI  pressure  was  considered  state-pf-the-art  using  a  Keylaiz 
wrannpd  tank.  Data  provided  in  a  report  by  Directed  Technologies,  Inc.  [“High  Pressure  Hydrogen 
Supply  for  Increased  Fuel  Cell  Efficiency,”  James,  B.D.  et  al.,  Phase  I  Final  Technical  Report,  US 
Army  Research  Office  contract  DAAH04-93-C-0005,  Oct.  1993]  indicated  that  some  commercially- 
available  storage  tanks  are  available,  some  meeting  MIL-STD-1522A  requirements. 

Directed  Technologies'  analysis  shows  that  Structural  Composites  Industries  (SCI)  produces 
two  composite  fiber  wrapped  tanks  (AC-5184  and  AC-5128A)  capable  of  being  used  for  Soldier 
Systems  applications.  Both  tanks  are  -22”  long  with  a  diameter  -6.5"  and  weigh  8.81bs  and  6.6lbs 
respectively.  Assuming  an  energy  based  on  H2/air  fuel  cell  bum  rate  of  0.124lbs/kW-hr  (200ASF, 
O.TV/cell  fuel  cell  stack)  the  AC-5184  tank  could  provide  -5.2kW-hr  energy  storage  whereas  the  AC- 
5128A  tank  could  provide  -4.5  kW-hr,  both  at  a  safety  factor  of  1.5  under  a  pressure  of -8,000  PSI. 

Directed  Technologies  also  presented  two  advanced  designs  for  15,000  and  10,000  PSI  tanks 
providing  5  kW-hr  energy  storage  in  tanks  of  length  16.7"  with  5.4"  and  6.3  diameters,  respectively. 
It  must  be  noted,  however,  that  a  current  density  of  200ASF  (amp^sq  ft)  is  a  near-term  development 
goal  and  that  -125ASF  is  the  state-of-the-art. 


Prospector  VII  -  Small  Fuel  Cells 


page  7 


Group  A 


Applications  for  Commercial  Prodr  "+8  &  Specific  Missions 


The  state-of-the-art  for  fuel  delivery  and  management  systems  was  not  clear  to  the  working 
group  except  to  say  that  weight  is  estimated  to  be  -1  lb.  As  a  result,  the  working  group  was  of  the 
opinion  that  the  1996  near-term  goals  set  for  an  integrated  system  with  MCC  requiring  900  W-hr 
energy  storage  in  a  7  kg  system  can  be  met  from  the  current  baseline.  Significant  effort  will  have  to 
be  expended  to  reduce  system  mass  contributions  (e.g.  structures,  etc.)  and  also  to  minimize  storage 
tank  mass.  With  regard  to  the  1998  requirements  of  1.2  kW-hr  energy  storage  within  a  5  kg  svstem 
the  achievability  is  less  well-defined  but  is  certainly  not  regarded  as  impossible  using  H2-air  PEM 
fuel  cells  for  power  generation. 


ASSESSMENT  OF  REASONABLENESSJTO  DEVELOP  SMALiI£R  tlHEkCBXAf  SXSIEMS 


One  major  consideration  for  the  working  group  was  whether  very  small  fuel  cells  can  be 
developed  to  replace  batteries.  For  comparison,  the  BA-5590  (Li/S02)  and  BA-6590  (Li/SOCy  single 
D-cell  battery  data*  have  been  included  here  in  the  20-24W  range  (i.e.  current  discharge  of  8A). 


Type 

Voltage 

Capacity 

•Weight 

Specific 

Energy 

m 

lA-hr] 

nbi 

Power 

Density 

BA-5590 

2.5 

6.7 

0.18 

111  W.lb-i 

94  W-hr.lb-i 

BA-6590 

3.0 

11.7 

0.26 

92  W.lb-i 

134  W-hr.lb-^ 

Likewise,  below  is  presented  data  for  multiple  D-cell  based  battery  packs  using  the  same  technology 
and  using  a  discharge  rate  of  2A: 


Type 

Voltage 

Capacity 

Weight 

Specific 

Energy 

rvi 

[A-hr] 

nbi 

Power 

Density 

BA-5590  10  cells/pack 

28 

7.5 

2.2 

25  W.lb-i 

94  W-hr.lb-i 

BA-6590  8  cells/pack 

28 

12.5 

2.25 

25  W.lb-i 

156  W-hr.lb-i 

Note  that  the  extra  weight  for  the  multiple  cell  power  packs  is  attributed  to  packaging  mass.  Data 
were  obtained  from  Prospector  III  -  High  Energy  Density-High  Power  Density  Power  Sources  R&D 
Workshop  Report,  pp341-342.  May  1992. 

The  working  group  agreed  that  there  was  nothing  intrinsically  wrong  with  considering  scale- 
down  of  fuel  cells  to  the  typical  battery  range  as  indicated  by  the  data  above.  However,  it  was  the 
opinion  of  the  group  that  there  is  a  major  concern  over  scale-down  due  to  voltage  and  current 
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requirements.  For  example,  a  20W  FC-based  power  source  could  comprise  a  single  cell  operating  at 
0.  TV.  Alternatively,  such  a  20W  source  operating  at  24V  would  result  in  34  very  small  cells, 
possibly  of  an  impractical  size  for  manufacturing.  Conversely,  stepping  up  0.7V  output  firom  a  single 
cell  operating  at  20W  to  24-28V  output  would  require  DC-DC  power  conditioning  elements. 

Further  questions  arose  over  whether  very  small  fuels  cells  are  competitive  on  a  mass  and 
volume  basis.  It  was  determined  that  not  all  fuel  cell  system  elements  scale  similarly.  For  example, 
fuel  storage  and  delivery  systems  become  more  massive  relatively-speaking  as  the  system  size  is 
reduced.  Larger  systems  benefit  from  structural  economies-of-scale.  Without  adequate  data  from 
actual  small  fuel  cell  systems  operating  at  very  low  power  levels  no  specific  recommendations  could 
be  made  except  to  say  that  research  in  this  area  is  required  to  determine  if  such  concerns  are 
completely  valid.  However,  the  working  group  was  of  the  opinion  that  a  fuel  cell  power  source  can  be 
used  as  a  battery-charger  while  not  powering  the  Soldier  System  MCC  and  so  batteries  should  be 
retained,  in  the  Soldier  System,  to  power  the  non-MCC  sub-systems.  Power  and  energy  efficiency 
may  be  reduced  by  such  an  approach,  but  operability  would  be  significantly  enhanced. 


SYSTEM  ISSUES  AND  BISKS 

The  working  group  was  of  the  unanimoxis  opinion  that  cell  structure  and  manufacturability  are  very 
dependable  and  that  operation  over  periods  in  excess  of  10,000  hours  is  proven,  dependent  on  the 
purity  of  the  reactants.  In  this  case,  air  filtration  was  considered  absolutely  necessary.  If  logistic 
fuels  such  as  JP-8  (diesel)  are  to  be  used  via  a  reformer,  the  degree  of  sulfur  contamination  is 
extremely  critical  for  long-life  and  reliable  operation.  The  working  group  also  considered  that  FC- 
based  systems  will  have  long  shelf-lives  if  suitably  packaged  (i.e.  water  vapor  contamination  is 
minimized). 

With  regard  to  freeze-thaw  tolerance,  the  working  group  believes  this  to  be  adequate  with 
some  fuel  cell  unit  tests  indicating  no  performance  degradation  after  eleven  (11)  cycles  over  2,500 
hours.  Essentially,  the  problem  caused  by  freeze-thaw  cycling  is  that  of  expansion-contraction  of 
water  (ice)  in  the  membrane  structure.  Dow  Chemical  has  indicated  that  PEMs  will  survive  in 
excess  of  100  freeze-thaw  cycles  with  no  degradation  in  membrane  characteristics.  One  further 
problem  area  identified  as  a  result  of  these  discussions  was  that  PEM  fuel  cells  will  not  start  at 
temperatures  below  freezing.  Therefore,  some  heating  capability  will  be  necessary  for  sub-zero  start¬ 
up. 
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There  was  some  discussion  on  the  issue  of  shock  sensitivity  and  the  impact  of  projectiles  onto 
FC  components  and  peripheral  sub-systems.  Some  concern  was  expressed  at  the  safety  of  high 
pressure  H2  gas  tank  penetration  due  to  the  explosive  nature  of  H2  in  air.  It  was  pointed  out  that 
shrapnel  from  modem  fiber  composite  wrapped  tanks  is  less  than  that  generated  by  all-metal 
vessels.  A  major  question  to  be  answered  is  how  much  kinetic  energy  is  required  to  initiate  an 
explosion  if  a  compressed  GH2  tank  is  ruptured  under  ambient  atmospheric  conditions.  Further 
discussion  raised  the  issue  of  soldier  wounds  due  to  tank  shrapnel.  This  is  regarded  as  much  less 
life-threatening  when  compared  to  a  wound  produced  by  a  bullet  that  has  penetrated  a  Lithium 
battery  and  carried  Liibium  compounds  into  the  soldier's  body  tissue.  The  group  determined  that 
impact  testing  should  be  initiated  if  it  has  not  already  been  done. 

The  problem  of  using  compressed  GH2  leads  to  the  issue  of  user  acceptance  for  fuel  cell 
systems  which  the  working  group  believed  must  be  determined  soon.  For  some  applications,  such  as 
airborne  soldier  deployment,  the  proper  certifications  must  be  obtained.  Clearly,  agcgptance  can  pnly 
he  achieved  if  safety  under  operational  conditioPS  cm  be  The  results  of  technical 

analysis  cannot  be  substituted  as  a  means  to  obtain  user  acceptance  and  in  this  case  the  end  user  is 
an  individual  infantryman  in  combat. 

At  a  higher  level,  user  acceptance  will  be  dominated  by  the  logistics  of  deplo3nnent.  The 
working  group  believed  that  the  entire  fuel  supply  scenario  should  be  determined.  Many  questions 
arose:  Where  is  the  fuel  produced?  How  does  the  supply  chain  work?  Are  there  any  disposal 
requirements?  Cost?  Safety?  The  group  raised  the  issue  of  what  types  of  field  generators  should  be 
used,  e.g.  diesel  reformers,  diesel-generator  powered  water  electrolyzers.  A  further  question  was 
raised:  Can  a  squad-level  H2  generator  be  mounted  on  an  M2  Bradley  Fighting  Vehicle?  For 
dismounted  missions  a  nine-man  squad  requires  9  X  0.621bs  =  5.6  lbs  of  hydrogen  per  5  kW-hr 
autonomous  mission  and  only  -2.7  lbs  of  hydrogen  per  2.4  kW-hr  mission.  However,  an  H2 
compressor/bottling  system  would  also  be  required  to  complete  the  logistical  system.  The  hydrogen 
fuel  supply  logistics  needs  serious  consideration  and  there  are  several  alternatives,  although  it  will 
probably  not  be  as  difficult  as  the  Lithium  battery  re-supply  logistics. 

The  fuel  cell  system  should  be  fully  integrated  with  the  micro-climate  cooler  and  it  must  be 
designed  for  easy  maintenance  (i.e.,  easy  air  filter  replacement).  The  forced  air  cooling  fan  should 
present  no  serious  problems  since  the  audio  and  electrical  signatures  are  insignificant  compared  to 
the  soldier  system  refrigeration  compressor.  If  needed,  the  fuel  cell  stack  can  be  operated  at  low 
power  density  to  relieve  the  cooling  duty.  In  fact,  very  small  power  systems  may  need  to  be  heated, 
rather  than  cooled.  Accurate  designs  of  very  low  power  (i.e.,  20W)  fuel  cell  systems  can  be  achieved, 
but  feasibility  will  be  highly  dependent  upon  the  system  current  and  voltage  requirements.  In  terms 
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of  system  risks,  the  air  breathing  fuel  cell  may  be  subject  to  contaminated  environments  from  dusty 
air  and  chemical  warfare.  It  may  be  necessary  to  include  a  small  oxygen/air  supply  for  emergency 
circumstances.  Long  term  biological  growth  must  be  prevented. 

COMMERCIAT.  APPLICATIONS 

Military  applications  can  benefit  from  economies  of  scale  generated  when  commercial  applications 
become  feasible.  To  get  such  benefits  a  “virtuous  circle”  needs  to  be  set  up.  Technology  transfer  from 
military  R&D  projects  along  with  its  associated  “political  benefits”  represent  the  flow  from  military 
to  commercial  sectors  while  economies-of-scale,  lower  procurement  costs,  and  follow-on  commercial 
R&D  represent  the  flow  from  commercial  to  military  sectors. 

For  fuel  cell  based  power  systems  cost  will  be  the  most  important  issue  for  commercial 
acceptance.  Niche  markets  will  be  established  for  the  commercial  low  power  systems.  Investment 
toward  an  independent  market  survey  may  help  to  identify  some  of  these  markets  and  possibly  lead 
to  dual  use  cost  share.  On  the  other  hand,  a  customer  base  will  emerge  if  a  dependable,  affordable 
product  is  available.  One  critical  area  will  be  the  supply  of  hydrogen  to  consumers  under  safe  and 
reliable  conditions  subject  to  OSHA  and  NFDA  regulations.  If  fuel  cell  based  power  sources  which 
are  directly  applicable  to  the  Soldier  System  scenario  can  be  applied  in  the  commercial  sector  then 
massive  savings  can  be  made  in  procurement. 

Some  potential  commercial  markets  that  were  identified  included: 

•  Camera  power  pack  for  TV  crews 

•  Remote  radio  receivers 

•  Remote  lighting  and  emergency  lighting 

•  Wheelchairs,  golf  carts,  etc. 

•  Lawn  tools,  hand  tools,  construction  tools 

•  Luxury  RVs  where  cost  is  tolerable 

•  500W-level  precise  power  (i.e.  computer  power) 

•  Uninterruptible  power  supplies  (especially  where  stringent 
noise  levels  prevail) 

•  Cellular  power  and  repeater  stations 

Finally,  the  working  group  was  of  the  opinion  that  the  commercialization  dynamic  may  best 
be  summed  up  in  the  phrase  “Build  it  and  they  will  come.  In  this  case,  military  R&D  and 
applications  will  lead  the  way  for  commercial  applications. 
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Market  survey  may  identify  markets  and  iead  to  dual  use  cost  share 

“Build  it  and  they  will  come” 


WORKING  GROUP  II  SUMMARY 


Group  B 


Alternative  Fuel  Cell-Related  Technologies 


INTRODUCTION 

The  Alternative  Fuel  Cell-Related  Technologies  Working  Group  (Group  B)  was 
tasked  with  identification  and  analysis  of  alternative  fuel  cell  technologies,  as  well  as 
assessing  alternatives  to  fuel  cells  as  a  technology,  and  identifying  and  characterizing 
fuel  cell  options  with  respect  to  size.  The  notion  of  a  disposable  fuel  cell  system  was  to 
be  addressed,  and  the  state-of-the-art  was  to  be  summarized,  if  possible,  for  small  fuel 
cells  with  output  power  of  less  than  1  kW.  The  sponsor's  detailed  Charge  to  the  Working 
Group  included  the  following  requirements  and/or  constraints: 

•  Identify  alternatives  to  fuel  cells  in  small  size  ranges,  and  provide  a  brief 

summary  of  the  status  of  each  to  include  its  range  of  applications. 

•  Assess  alternative  fuel  cell  technologies  for  systems  under  1  kW,  and 

summarize  the  advantages  and  disadvantages  of  each. 

•  Identify  and  characterize  (prioritize)  low  power  fuel  cell  systems, 

specifically  "self-contained"  options  with  respect  to  their  size  and/or 
range  of  application. 

•  Assess  whether  it  is  reasonable  to  develop  the  notion  of  disposable  fuel 

cell  systems  for  certain  missions. 

•  Summarize  the  state-of-the-art  of  low  power  (<  1  kW)  fuel  cell  systems. 

Guidelines  and  definitions  for  Group  B  discussions  included  these  points: 

•  "Small  fuel  cells"  or  "low  power  fuel  cells"  are  defined  by  the  sponsor  to 

be  those  systems  which  are  less  than  1  kW  at  the  upper  end  of  the 
range  and  as  small  as  is  practical  at  the  lower  end. 

•  The  Group  should  keep  in  mind  that  the  military  is  looking  for  better 

power  sources,  but  the  current  emphasis  is  on  the  Soldier  System. 

.  The  nnmpifitfi  i^vstem  has  to  be  carried  by  the  individual:  it  is  the  energy 
density  of  complete  systems  that  counts. 

•  Make  all  comparisons  on  a  "level  playing  field"  basis. 


Prospector  VII  -  Small  Fuel  Cells 


page 


Group  B 


Alternative  Fuel  Cell-Related  Technologies 


WORKiMG  GROUP  PARTICIPANTS 

The  working  group  participants,  listed  in  table  1,  were  drawn  from  military, 
industrial  and  academic  organizations,  allowing  a  broad  perspective  of  fuel  cell 
applications.  Essentially,  “users,”  “technologists,”  and  “appliers,”  were  represented  from 
government,  university  and  industry  organizations.  There  was  a  heavy  prevalence  of 
government  personnel  (65%),  allowing  the  development  of  applications  to  be  studied 
from  a  "government  applications"  perspective,  with  emphasis  on  the  Soldier  System. 
Industry  and  university  representation  was  14%  and  21%,  respectively.  It  was 
anticipated  that  the  group  might  finish  its  discussion  early,  due  to  the  "established 
nature  of  the  technology,"  and  would  then  break  into  two  parts  to  participate  in  the 
discussions  of  the  remaining  two  groups  during  the  late  Wednesday  evening  session. 
This  did  not  prove  to  be  the  case,  as  individuals  found  ample  opportunity  to  weigh  all 
fuel  cell  and  non-fuel  cell  options  in  great  detail  against  the  criteria  and  constraints. 


G 

Robert  HAMLEN 

Army  Research  Laboratory 

[chair] 

A 

Eugene  SMOTKIN 

Illinois  Institute  of  Technology 

[assist,  chair] 

G 

Robert  ROSENFELD 

ARPA 

[assist,  chair] 

1 

Bhaskara  RAO 

Exptorex 

G 

Rajiv  DOSHI 

Argonne  Laboratories 

G 

Jay  STEDMAN 

w/ARPA 

G 

Mark  GRAF 

Department  of  Defense 

A 

Donald  LIN 

Indiana  -  Purdue 

G 

Pete  HOWARD 

US  Army  Belvoir  RD&E  Center 

G 

Brad  LAPRISE 

US  Army  Natick  RD&E  Center 

A 

Ron  MANN 

Royal  Military  College  of  Canada 

1 

Eric  SIMPKINS 

Energy  Research  Corporation 

G 

Richard  WELLER 

Naval  Surface  Warfare  Center 

G 

Richard  PAUR 

Army  Research  Office  -  Sponsor 

Table  1.  Participants  in  the  Alternative  Fuel  Cell-Related  Technologies  Working  Group 
(Group  B).  A  =  academic;  G  =  government;  or  I  =  industry  affiliation. 
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To  establish  the  ground  rules  for  the  discussion,  the  chairman  provided  a  review 
of  the  Workshop  requirements  in  terms  of  the  information  to  be  assessed  and  the  areas 
in  which  conclusions  should  be  reached  by  this  Working  Group.  The  Group  initiated  its 
discussion  by  a  statement  from  each  participant  outlining  their  goals  and  expectations 
for  this  Workshop.  While  these  reflected  the  organizational  backgrounds  of  the 
individuals  concerned,  a  significant  correlation  of  positions,  none  conflicting,  evolved. 
The  Group  then  considered  the  planned  discussion  topics  which  had  been  presented  in 
the  Charge  by  the  sponsor.  Dr.  Richard  Paur  (ARO),  determining  the  relevant  questions 
to  be  addressed  by  the  group.  The  format  of  the  final  report  and  brief-out  to  the 
Workshop  body  was  determined.  The  Group  decided  to  study  and  compare  the  many 
attributes  of  fuel  cell  systems,  as  well  as  their  competitors,  batteries  and 
thermophotovoltaics,  and  report  on  their  relative  merit. 

In  the  early  portion  of  the  discussion,  there  were  seven  fuel  cell  options  and  four 
non-fuel  cell  options  identified  to  be  examined  by  the  Group.  The  fuel  cell  options  were 
as  follows:  chemical  hydride  PEM,  pressurized  hydrogen  gas  PEM,  physical  hydride 
PEM,  direct  methanol  PEM,  and  reformer  with  PEM.  Additionally,  in  the  logistics  fuel 
regime,  there  were  two  more  candidates,  namely,  the  solid  oxide  fuel  cell  and  the 
phosphoric  acid  fuel  cell.  The  non-fuel  cell  options  included  the  following  competitors, 
aluminum-air  batteries,  zinc-air  batteries,  thermophotovoltaics  (TPV)  and  alkaline-metal 
thermoelectric  converter  (AMTEC). 


DISCUSSION 

I.  Portable  and  Mobile  Power  Systems 

The  Group  discussed  the  various  options  among  fuel  cell  systems  and  decided  to 
categorize  them  into  three  main  categories  according  to  the  source  of  the  fuel/power  for 
the  power  system  itself,  the  portion  of  the  sub-set  of  the  system  which  would  (or  could) 
be  located  in  a  heavy  logistics  infrastructure  ("heavy  base"),  and  that  portion  of  the 
power  system  which  would  be  deployed  forward  to  a  remote  site  for  various  military 
missions  or  civil  applications.  Figure  1  illustrates  a  general  map  of  those  probable 
power  systems  and  how  they  might  be  arrayed  across  the  supply-heavy  base-remote 
site  logistics  grid. 
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Portabl®  and  Moblla  Powar  Systems 


Figure  1 .  Portable  and  mobile  power  systems  logistics  grid  from  fuel  source  to  remote  site  application 


II.  Attributes  of  Fuel  Cell  Svstem_s 

Fuel  cell  systems,  in  general,  can  be  classified  according  to  the  four 
categories/types  as  follows:  PEM,  direct  methanol  PEM,  PAFC,  and  SOFC.  The 
advantages  of  the  PEM  fuel  cell  design  are  its  low  temperature  operation,  fast  start-up 
characteristics,  tolerance  to  abuse,  and  the  fact  that  it  represents  an  immobile 
electrolyte.  There  are  some  limitations,  however,  such  as  the  low  temperature  limits, 
the  requirement  for  a  high  quality  fuel  (purification,  non-contamination  constraint)  for 
efficient  operation,  and  the  overall  relative  expense  when  compared  to  non-PEM 
alternatives.  The  materials  required  are  available  in  large  quantities  if  they  are  needed 
for  mass  production  purposes. 

When  the  direct  hydrogen  PEM  system  is  evaluated  in  terms  of  its  favorable  and 
less  favorable  attributes,  the  system  is  considered  to  be  environmentally  friendly  when 
carefully  handled.  Hydrogen  is  available  in  sufficient  quantities  for  the  task.  In  terms  of 
mass  and  weight,  the  system  mass/weight  factor  could  prove  to  be  less  optimum  than 
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desired  due  to  the  hydrogen-container  or  generator  requirements.  Most  of  the 
participants  believed  the  safety  aspect  will  dominate  all  portions  of  the  logistics 
infrastructure.  It  is  anticipated  that,  initially,  hydrogen  will  be  supplied  from  new  high 
pressure  tanks,  and  subsequently  from  the  reaction  of  chemical  hydrides  with  water. 

When  evaluating  the  direct  methanol  system,  one  should  consider  that  the  fuel 
supply  system  is  environmentally  friendly,  can  be  readily  stored,  and  is  easily 
transported.  Its  major  potential  advantage  is  a  higher  energy  density  than  many 
alternatives  being  considered  (chemical  hydride  may  be  higher).  The  design  eliminates 
the  need  for  a  reformer  at  the  fuel  cell,  resulting  in  a  lower  weight,  smaller  volume,  and 
expected  reduced  costs.  The  less  favorable  attributes  which  must  be  weighed  include 
its  greater  use  of  catalysts,  need  to  reduce  methanol  crossover  within  the  system 
(complex  technical  problem  when  working  to  increase  efficiency  at  various  operating 
conditions),  and  the  need  for  access  to  a  ready  water  supply.  Sealants  must  be 
developed  further  to  extend  its  lifetime  and  operating  parameters,  and  its  relative 
sensitivity  to  orientation  must  be  overcome  to  assure  its  best  performance.  It  is  believed 
that  this  system  is  approximately  three  years  behind  the  hydrogen-air  system,  although 
some  issues  have  been  resolved,  such  as  control  of  water  generation  and  thermal 
management  at  higher  temperatures  (200  degrees  Celsius).  Stack  development  is 
lagging  that  of  hydrogen-air,  among  others.  Although  applications  for  military  and  civil 
use  in  transportation  are  prevalent,  there  are  outstanding  questions,  i.e.  whether  cold- 
start  problems  and  a  relatively  slow  transient  response  will  permit  general  introduction 
into  a  variety  of  military  and  civil  applications. 

As  noted  by  one  of  the  speakers,  there  have  been  at  least  two  major  workshops 
during  the  past  five  years  which  have  published  recommendations  on  development  of 
the  direct  methanol  fuel  cell.  One  workshop  was  sponsored  by  DOE  (1990)  and  another 
by  DOE  and  ARPA  jointly  (1994).  The  four  major  recommendations,  which  are  currently 
being  addressed  in  various  research  programs,  include  the  following: 

•  Understanding  why  a  platinum-ruthenium  catalyst  system  works  well  for  the 
methanol  oxidation  reaction, 

•  Understanding  the  methanol  cross-over  problem  and  developing  designs  or 
procedures  to  cope  with  or  reduce  that  effect, 

•  Developing  oxygen  reduction  catalysts  that  are  methanol  tolerant,  and 
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«  Developing  reliable  models  of  direct  methanol  fuel  cell  stack  performance. 

Numerous  speakers  presented  the  state-of-the-art  of  direct  methanol  fuel  cell 
systems  based  upon  the  achievements  of  several  contractors  working  on  research 
programs  sponsored  by  ARPA  and  others.  It  is  believed  that  progress  toward 
developing  efficient  and  compact  direct  methanol  fuel  cell  is  very  encouraging. 
Advances  are  still  needed  in  performance  of  all  components,  in  understanding 
fundamental  design,  and  in  cost  reduction.  The  Group  participants  urge  the  reader  of 
this  report  to  scan  the  speakers'  viewgraphs  and  presentation  summaries  for  additional 
information.  Data  from  speakers'  viewgraph  presentations  are  summanzed  in  Figure  2. 

State-oMhe-Art  in  Direct  Methanol  FC  System  Performance 


Single  Cell: 


4-rell  Stack: 


0.33V  @  800  mA/cm^ 
0.41  V@640inAycm^ 
238  cm^  =  67  W/CeU 

0.4  V  @  430  mA/cm^ 
258  =  173  W 


Life  Test  |  Single  Cell: 


0.45  V  @3(X)  mA/cm^ 
for  >2(K)  hrs.  continuous 
>500  hrs.  intermittent 


S-Cell  Stack:  0.56  V  @  100  mA/cm^ 
(48  W)  for  >  400  hrs. 


F.fRciencv:  25*30%  @  <300  mA/lm 

Fuel  Utili^^tinn'  >70%  @  3(K)  mA/cm 


Small  Fuel  Cell  Workshop,  Prospector  VII,  Decembers.  1994,  Durham,  NC 
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When  the  phosphoric  acid  fuel  cell  concept  is  evaluated  in  terms  of  its  attributes, 
one  notes  that  there  are  several  favorable  ones,  including  the  fact  that  1.5kW  methanol 
units  were  constructed  in  1984  for  Belvoir  using  a  reformer  design.  Additionally,  there 
are  200-kW-size  units  being  delivered  to  commercial  customers.  This  concept  is 
considered  to  be  the  most  mature  technology  of  those  under  examination  at  the 
Workshop  for  large-size  units.  The  Group  concluded  by  saying  that  the  phosphoric  acid 
FC  system  is  relatively  environmentally  friendly. 

The  final  candidate  in  the  FC  category  was  the  solid  oxide  fuel  cell.  The  Group 
evaluated  the  solid  oxide  fuel  cell  SOA  and  concluded  that  the  mature  development  of 
this  concept  was  clearly  five  or  more  years  into  the  future.  It  has  excellent  attributes, 
however,  in  that  it  contains  no  noble  metal  catalyst,  offers  potential  for  operation  with 
methanol,  is  carbon  monoxide  tolerant,  and  operates  under  ambient  pressure.  On  the 
negative  side,  the  design  has  a  low  cycle  life  and  has  a  disadvantageous  start-up  time 
for  the  Army's  portable  power  scenario.  This  system  was  considered  nol  to  be  a  near- 
term  solution,  and  it  was  not  considered  as  an  option  for  the  Army. 

III.  Attributes  of  Non-Fuel  Cell  Systems 

Non-fuel  cell  concepts  were  evaluated  in  terms  of  the  Army's  portable  power 
system  requirements.  The  aluminum-air  FC  concept  has  several  favorable  attributes, 
namely  an  infinite  shelf  life,  built-in  safety  features  by  virtue  of  the  non-combustible  fuel, 
a  relatively  straight-forward  set  of  scaling  laws,  and  a  wide  range  of  operation  due  to  the 
safety  aspect.  There  are  a  couple  of  attributes  which  could  play  either  way,  specifically, 
pursuing  the  option  of  a  saline  or  alkaline  solution  as  the  electrolyte,  and  achieving  in 
excess  of  500  W-hr/kg  without  an  electrolyte.  The  negative  attributes  include  the  fact 
that  it  is  orientation  sensitive  (and  requires  considerable  work  to  become  orientation 
insensitive  at  a  moderate  cost),  and  is  not  easily  recharged  for  turn-around  operation 
(this  is  not  a  problem  when  treated  logistically  as  a  primary  battery).  Participants  could 
not  address  the  disposal  or  re-manufacture  after  life  expectancy  has  expired  due  to 
several  unknowns,  such  as  cost,  in  the  equation.  Disposal  is  not  a  difficult  problem  with 
aluminum-air  systems. 

According  to  one  of  the  speakers,  another  candidate  concept  in  the  non-FC 
category  includes  thermophotovoltaic  radioisotope  systems.  Their  attributes  include  no 
maintenance,  no  refueling  requirements  (no  depot),  high  reliability  and  availability  of 
fuels/materials  for  operation  and  mass  production,  no  start-up  or  controls  issues  of  note. 


Prospector  VII  -  Small  Fuel  Cells 


page  7 


Group  B 


Alternative  Fuel  Cell-Related  Technologies 


and  ambient  pressure  operation.  On  the  negative  side,  there  are  at  least  three  years  of 
development  time  required  for  TPV/radioisotope  systems,  and  disposal  costs  may  be 
prohibitive.  As  determined  in  a  previous  Prospector  workshop,  the  services'  general 
acceptance  of  isotope-powered  systems  should  not  be  taken  for  granted.  As  an 
alternative  to  TPV/isotope  powered  systems,  the  Group  examined  a  novel  concept 
which  coupled  the  TPV  with  an  abundant  logistic  fuel  source.  The  positive  aspects 
include  the  fact  that  this  system  functions  well  at  ambient  pressure  and  has  a  stated 
potential  for  good  conversion  efficiency  (after  further  development).  Its  less  favorable 
attributes  include  its  high  temperature  operation  (a  requirement  for  efficiency)  and  the 
three  years  needed  for  further  research  before  full-scale  development  and  testing  can 
commence. 


CONCLUSIONS 

In  summary,  the  Alternative  Fuel  Cell  Related  Technologies  Working  Group 
stated  that  the  over-riding  positive  and  negative  attributes  which  tend  to  limit  small  fuel 
cell  development  could  be  summed  up  in  terms  of  cost  of  manufacture,  safety  aspects 
during  handling  and  military/civil  operation,  and  mass/weight  challenges  for  the  truly 
small,  portable  FC  systems  required  by  the  Army.  It  is  believed  that  technical  issues, 
such  as  energy  density,  cross-over,  operating  temperature  limitations,  optimal  start-up 
characteristics  and  performance,  and  endurance  (life  cycle  before  replacement  or 
refueling)  will  eventually  be  solved  or  resolved  through  enhanced  research,  improved 
comprehensive  modeling  of  systems,  and  better  materials  selection  and  optimization. 

The  Group  concluded  its  evaluation  by  stating  there  was  no  "best  solution," 
because  time  must  play  a  part  in  the  decision  on  which  FC  concept  should  be  pursued. 
The  Group  emphasized  that,  given  the  luxury  of  additional  time,  say  three  to  five  years, 
many  of  the  candidate  systems  could  have  additional  attributes  in  their  favor.  As  a 
result,  the  Group  concluded  that,  in  the  time-phased  solution,  the  best  candidates 
beyond  all  primary  and  secondary  batteries  would  be  pressurized  hydrogen  with  PEM 
as  the  first  likely  near-term  option,  followed  by  a  chemical  hydride  system  with  PEM,  * 
followed  finally  by  the  maturing  direct  methanol  with  PEM  concept.  As  a  further 
alternative,  the  metal-air  battery  concept  seems  to  offer  promise  for  small,  portable  FC 
power  systems  for  both  Army  and  civil  applications  under  the  1kW  level. 

*  Sponsor's  Note:  Since  the  Workshop  was  held,  Analytic  Power  Corp.  has  demonstrated  chemical 
hydride  fuel  systems  which  can  handle  many  start/stop  cycles.  This  achievement  removes  one  of  the 
major  obstacles  to  adoption  of  chemical  hydride  fuels. 
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PROSPECTOR  VII:  SMALL  FUEL  CELLS  FOR  PORTABLE  POWER 

GROUP  C  SUMMARY 


Key  Research  Issues  Pacing  Development 


INTRODUCTION 

The  Key  Research  Issues  Working  Group  was  tasked  with  developing  a 
consensus  on  the  critical  research  impediments  to  be  resolved  for  the  suc^es^ul, 
rapid  development  of  small  fuel  cell  power  systems  for  the  individual  soldier.  The 
workshop  body  was  to  prioritize  elements  within  their  respective  topic  peas  in  terms  of 
the  most  vital  systems,  research  issues,  technologies,  and  options  which  would  ensure 
success  in  the  fuel  cell  R  &  D  program.  In  the  process  of  the  discussions,  the  state-of- 
the-art  in  terms  of  performance  and  target  parameters  was  to  be  established.  A 
measurable  outcome  of  this  Workshop  would  be  the  identification  of  the  basic  scientific 
support  which  the  participants  believe  should  be  earmarked  by  research  and  funding 
planners  to  assure  small  fuel  cell  improvement  and  development . 

The  general  charge  to  the  Workshop  body  stated  as  a  "given"  XhaX  the  military 
will  always  be  looking  for  better  power  sources.  The  current  emphasis  is  on  the 
Soldier  System,  i.  e.  the  system  which  is  carried  by,  or  supports,  the  individual  soldier 
in  the  field.  For  the  purposes  of  the  Workshop,  participants  were  to  assume  that  the 
entire  system  had  to  be  carried  by  the  individual  soldier,  thus  the  system  s  energy 
density  was  to  be  considered  of  paramount  importance  in  establishing 
parameters,  planning  factors,  limitations,  and  options  for  technology  developmpt. 
Furthermore,  in  evaluating  the  "small  system,"  the  definition  for  "small"  was  defined  as 
"any  system  less  than  1  kW  at  the  upper  end."  Preferably,  the  smaller  the  system,  the 
more  advantageous  it  would  be  due  to  the  lowering  of  the  soldier's  combat  load  (it 
would  thus  produce  an  equivalently  lower  total  system  mass).  Specific  guidance,  any 
constraints  imposed  by  the  sponsor,  and  the  individual  "charge  to  Group  C,  were  as 
follows: 

•  Develop  a  consensus  of  the  leading  technical  challenges  and  show- 
stoppers  limiting  the  rapid  development  of  small  fuel  cell  systems.  Prioritize  these  for 
the  leading  fuel  cell  technologies. 

•  Identify  state-of-the-art  performance  and  goals/targets  for  further  work. 

•  Summarize  potential  strategies  for  short  term  improvement  and  for  future 
"technology  break  throughs." 

•  Identify  basic  scientific  support  needed  for  fuel  cell  improvement  and 
development. 


The  Workinq  Group  participants  were  drawn  from  military,  industry,  and 
academic  sources  The  Group  was  evenly  divided,  with  33%  of  the  participants  being 
from  re  mtlte  “sector,  30%  tfom  indostry,  and  the  remainder  (37%)  being  from  the 
academic  sector.  The  rich  experience  and  broad  background  in  fuel  cell  research  and 
develooment  provided  a  base  line  for  fruitful  discussions  and  meaningful 
recommendations  on  a  number  of  key  research  issues.  The  list  of  participants  are 

shown  below. 


Bob  Savinell,  Chairman,  Case  Western  Reserve  University 
»»  Bob  Nowak,  Co-Chairman,  ONR 
Cal  Johnson,  Assistant  Chairman,  Auburn  University 
Larry  Dubois,  Assistant  Chairman,  ARPA 

•  Peter  Fedkiw,  North  Carolina  State  University 

•  Ralph  White,  University  of  South  Carolina 

•  Michael  Binder,  US  Army  Research  Lab 

•  Charlie  Martin,  Dow  Chemical  Company 

•  Oliver  Murphy,  Lynntech 

•  Michael  Krumpelt,  Argonne  National  Laboratory 

•  Karl  Wally,  Sandia  Laboratories 

•  Dave  Bloomfield,  Analytic  Power 

•  Nguyen  Minh,  Allied  Signal 

•  Joe  Stockel,  US  Gov't 

•  Harvey  Frank,  Jet  Propulsion  LAB 

•  Bruce  Tatarchuk,  Auburn  University 

•  •  Jose  Giner,  Giner,  Inc. 

•  Warren  Buck,  Dupont  Nation 

•  S.  Srinivasan,  Texas  A  &  M  University 

•  Bill  Peters,  MIT  Energy  Laboratory 
•William  O'Grady,  NRL 


DISCUSSION 

The  working  group  decided  to  limit  its  discussion  to  portable  power 
requirements  necessary  for  the  individual  soldier.  The  requirements  were  divided  into 
two  primary  functional  areas.  First,  microclimate  cooling  which  requires  power  on  the 
order  of  150  watts  and  up;  and  second,  all  other  electronic  devices  requiring  power 
from  5  watts  up  to  ~50  watts.  As  shown  in  Figure  1  on  the  next  page,  individual  soldier 
power  requirements  may  be  viewed  as  two  broad  functional  areas,  microclimate 
cooling  and  all  other  system  requirements.  How  the  power  package  is  assembled 
and/or  the  power  managed  may  vary.  The  total  power  requirement  of  approximately 
200W  may  be  treated  a  single  source  or  as  a  distributed  source  as  shown  in  Figure  1 . 


hcroclir 


150W 


/thingj 

~50W 


Fuel 

Cells 


One  Power  Source  (~200W) 


•  Distributed  Power 


Microclimate  Cooling 


Batteries 


•  Everything  Else 

or 

•  Individual  Systems 


I  - 

Figure  1 .  Individual  Soldier  Power  Requirements  and  Potential  Solutions 

In  one  category,  a  single  power  source  (approximately  200  watts)  will 
provide  all  the  energy  needs  for  the  individual  soldiers.  Alternatively,  a  distributed 
power  system  of  two  major  types  could  be  developed.  One  power  system  would  be 
only  for  microclimate  cooling,  the  second  power  system  would  include  everything  else. 
Furthermore,  this  second  power  system  can  be  further  divided  into  two  modes;  a 
single  power  unit  that  supplies  all  the  needs,  or  distributed  individual  systems  for  the 
various  components.  A  single  source  200  watt  unit  would,  by  necessity,  probably  be  a 
fuel  cell  system. 


Technology 


Battery/Fuel  Cell 


Fuel  Cell 


Power(W) 

Energy(W-Hr) 
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25 

300 
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150 

>600-  10,000 

5/4 
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•  He/PEM 

•  MeOH/PEM 

•  MeOH/SOFC 


Figure  2.  Power/Energy  Targets  for  Future  Work  and  Potential  Solutions 


S'd/ 


On  the  one  hand,  as  further  depicted  in  Figure  1 ,  sub-dividing  power 
source  into  a  distributed  system  of  various  sizes  could  result ® 
of  being  handled  by  batteries.  So  the  range  of  power  needs  could  be  MHIed  by  ue 
cells  or  batteries,  depending  on  the  specific  mission.  As  shown  in  F'Qure  2,  it  is 
enllioned  that  a  50  watt  power  system  will  be  met  by  two  devices  of  25  watts  each. 
The  energy  requirement  is  estimated  to  be  -300  watt  hours  requmng  less  f^an  1  kg 
mass  and  1  Irier  of  volume.  This  energy  need  possibly  could  be  met  by  fuel  cells  or  by 
batteries.  The  ultimate  driver  in  each  option  will  be  system  energy  density. 

On  the  other  hand,  the  150  watts  and  above  power  source  will  require 
energy  levels  on  the  order  of  600  up  to  -10,000  watt-hrs.  It  will  need  to  weigh  tess 
than  5  kg  and  have  a  volume  less  than  4  liters.  This  particular  need  will  certain  y 
require  a  fuel  cell.  The  working  group  decided  that  the  fuel  ce  l 
are  available  at  this  time  and  are  most  amenable  for  these 

hydrogen  PEM,  the  methanol  PEM  and  the  methanol  solid  oxide  fuel  cell  (SOFC).  As 
a  result,  all  research  issues  discussed  revolved  around  these  three  FC  systems. 

There  are  a  number  of  generic  research  issues  which  must  be  addressed  to 
develop  these  technologies  to  the  point  of  being  useful  in  the  field.  Group  C  chose  to 
focus  its  discussion  on  several  primary  research-related  issues  which  are 
discussed  in  greater  detail  in  the  following  sections. 


Primary  Research 

Fuels  and  Fuel  Storage  -  This  issue  includes  the  rjeed  strate^c 
decisions  on  what  fuels  will  be  and  should  be  used  in  the  field  and  how  these  fuels 
should  be  stored.  It  was  the  feeling  of  the  workshop  participants  that  the  two  most 
likely  candidates  for  fuels  include  hydrogen  and  methanol.  The  specific  P''oP!®^® 
identified  primarily  dealt  with  the  storage  of  hydrogen,  either  in  chemical  hydnde  form 
or  in  high  pressure  containers.  It  was  felt  that  the  storage  of  methanol 'S  not  a 
particular  problem  at  this  time.  Several  solutions  were  suggested  for  addressing  the 
issue  of  reaction  kinetics  control  and  load  following  ability  of  hydride  storage.  These 
solutions  include:  optimization  of  composition  morphology  and  advanced  reactor 
engineering.  It  was  also  suggested  that  potential  solutions  to  the  storage  problem  may 
be  obtained  by  looking  for  innovative  hydrogen  production  chemistry  which  can  be 
used  in  the  field  for  on-site  hydrogen  generation. 

Stack  DesignandMatenaJs  -  This  issue  deals  with  the  need  to  reduce  the 
weight,  size  and  cost  of  the  various  components  of  the  fuel  cell  stack. 
be  necessary  to  increase  stack  power  density.  Solutions  will  include  making  thinne 
cell  repeat  units  using  new,  lighter  and  lower  cost  materials.  Stack  designs  to 
decouple  heat  and  reaction  flow  must  be  developed  and  in  particular,  novel 
approaches  must  be  used  for  developing  alternative  stacking  system  designs  This 
point  emphasizes  the  fact  that  it  may  be  necessary  to  abandon  the  traditional  type  of 
fuel  cell  design  approaches  and  to  look  for  novel  approaches  that  can  significantly 
reduce  the  volume  and  complexity  of  a  fuel  cell  stack.  For  solid  oxide  fuel  cells,  a 


4 


need  exists  for  defect  free  and  tough  ceramics.  These  matenals  must  be  able  to  have 
proper  thermo-expansion  coefficients  to  adjust  for  rapid  start  and  rapid  cool  down 
conditions.  All  fuel  cell  systems  have  issues  relating  to  safety  and  control  which  must 

be  addressed. 

Electrolytes  -  There  were  a  number  of  specific  problems,  some  of  which  are 
oeneric,  which  were  identified  relevant  to  this  issue.  The  working  group  made  an 
attempt  to  categorize  the  specific  problems  and  to  identify  whether  they  are  relevant  for 
the  PEM  and/or  DMFC  and/or  SOFC  systems.  Figure  3  depicts  this  relationship  of  FC 
problems  to  three  specific  categories  of  systems. 


.Specific  Research  Problems 

PEM 

DMFC 

•  Limit  water  transport  (elec  drag) 

X 

•  Water  vapor  pressure  suppression 

X 

•  Increase  conductivity  w/good  mech  prop 

X 

X 

X 

•  Increase  dimensional  stability 

X 

X 

X 

•  High/low  temperature  operation 

X 

X 

•  Reduce  MeOH  crossover 

X 

•  Stability  in  oxidizing  and  reducing  environ 

X 

Figure  3.  Electrolytes  -  showing  relevancy  for  various  FC  systerrts 


A  number  of  short  term  and  long  term  solutions  were  presented  as  a  result 
of  the  list  of  electrolyte-related  research  issues  identified  by  the  Group.  For  example, 
in  the  short  term,  modifying  presently  available  membrane  materials  by  using 
additives,  making  composites,  varying  thicknesses,  modifying  equivalent  weights,  and 
altering  ionic  strengths  were  suggested  as  possible  means  of  overcoming  some  of  the 
specific  electrolyte-related  problems.  Long  term  solutions  include  developing  a  true 
proton  conductor.  The  idea  of  modifying  membranes  with  dense  phase  films  was  also 
thought  to  be  a  long  term  solution  for  eliminating  the  methanol  cross-over  problem.  On 
the  topic  of  solid  oxide  fuel  cells,  there  is  a  need  to  develop  new  oxide  conductors  for 
low  temperature  operation.  In  all  electrolyte  types,  better  theoretical  and  experimental 
understanding  of  conductivity,  mechanisms,  transport  processes  and  physical 
properties  are  needed. 


Catalysis  -  Again,  a  number  of  catalytic  issues  were  identified,  some  related 
to  PEM,  some  related  to  DMFCs  and  some  related  to  SOFCs.  Several  of  these  issues 
relate  to  more  than  one  of  these  systems  and  are  described  in  Figure  4  which  follows. 


SpecifkLBesearch  Probkoig 

££M 

DMFC 

SOFC 

®  Slow  MeOH  oxidation  kinetics  at  low  temp 

X 

®  Slow  oxygen  reduction  kinetics 

X 

X 

®  Catalyst  poisoning  (fuel  and  air) 

X 

X 

®  MeOH  tolerant  cathode 

X 

@  Need  catalysts  for  SOFC 

X 

®  Synthesis  and  characterization  techniques 

X 

X 

X 

are  inadequate 

Figure  4.  Catalysis  -  showing  relevancy  for  various  FC  systems 


In  general,  slow  methanol  oxidation  kinetics  and  slow  oxygen  reduction 
kinetics  at  low  temperatures  are  still  problems  which  must  be  addressed.  In  the 
DMFC  there  is  still  a  need  for  an  active  cathode  catalyst  which  is  methanol  tolerant. 
Catalyst  poisoning  from  various  sources  in  both  the  fuel  and  air  side  of  the  fuel  cell 
must  be  addressed.  This  includes  contaminated  air,  processed  fuels  with  sulfur  and 
other  tenacious  poisons  and  perhaps  even  the  issue  of  contamination  as  a  result  of 
mission  activity.  In  general,  it  was  felt  that  there  is  a  need  for  better  synthesis  and 
characterization  techniques  to  develop  reproducible  well-understood  catalysts 
Solutions  were  identified  for  short  term  and  long  term  implementation.  In  the  short 
term,  one  important  task  will  be  to  identify  tests  for  potential  poisons  in  fuel  cell 
operation  A  number  of  specific  materials  and  catalyst  studies  were  also  suggested. 

In  the  long  term,  catalysis  issues  would  benefit  from  implementation  and  development 
of  micro-kinetic  modeling  approaches  and  the  development  and  application  of  new 
experimental  methods  to  elucidate  reaction  mechanisms. 


System  Enqineerinq/Modelinq  for  Fuel  Cells  -  In  order  to  develop,  optimize, 
scale-up  and  match  performance  to  mission  requirements,  mathematical  models  ot 
fuel  cells  must  be  developed.  Specific  problem  areas  include  thermo  and  water 
management  models.  Reactant  distributions  are  difficult  to  model  and  algorithms  must 
be  developed  for  this  purpose.  In  addition,  models  are  not  available  for  predicting 
start-up  and  transient  effects.  The  working  group  suggested  that  models  be  developed 
at  a  number  of  levels.  Molecular  levels  are  needed  for  predicting  properties  and 
kinetic  mechanisms  as  well  as  for  relating  molecular  and  morphological  properties  to 
macroscopic  transport  physical  properties.  An  effort  is  needed  for  detailed  models 
which  describe  reactant  flow  and  thermo-transport  at  the  cell  and  the  stack  level.  It  is 
also  felt  that  the  integration  of  models  at  all  levels  will  be  critical  for  understanding, 
designing,  and  optimizing  system  performance.  This  may  require  developing  and 
implementing  advanced  mathematical  treatments  for  very  non-linear  and  very  stiff, 
large  systems  of  equations. 

Some  concluding  remarks  were  generated  to  represent  the  Group's 
findings  and  recommendations  regarding  the  impact  of  key  research  issues  upon  the 
development  of  small  fuel  cells  for  the  individual  soldier. 


SUMMARY 


First,  the  Working  Group  recognized  that  the  development  of  fuel  cell 
systems  of  25  watts  to  less  than  1 50  watts  for  military  applications  could  lead  to 
numerous  commercial  applications  as  well  as  military  applications.  Although  military 
A  applications  were  the  primary  motivator  for  this  particular  workshop,  one  should 

seriously  consider  the  commercial  spin-offs  due  to  the  vastly  increased  market  and 
investment  opportunity.  Consequently,  it  was  the  opinion  of  the  Group  that  an 
emphasis  on  research  to  resolve  these  fuel  cell  technical  issues  will  benefit  civilian 
markets  as  well  as  military  needs,  and  this  "dual  market  opportunity"  should  be 
pursued. 

The  Group  fully  concurred  with  the  General  Charge  made  by  the  sponsor,  in 
that,  indeed,  the  system's  energy  density  is  of  paramount  importance  in  establishing 
parameters,  planning  factors,  limitations,  markets,  and  options  for  technology 
development.  Furthermore,  in  evaluating  the  "small  system,"  the  definition  for  "small" 
was  defined  as  "any  system  less  than  1kW  at  the  upper  end."  The  Group  also  agreed 

•  with  the  premise  that,  the  smaller  the  system  (the  total  available,  but  sufficient,  energy), 
the  more  advantageous  it  would  be  due  to  the  lowering  of  the  soldier's  combat  load  (it 
should  produce  an  equivalently  lower  total  system  mass). 

Finally,  the  Group  determined  that  the  most  relevant  key  research  issues, 

A  distributed  into  five  major  categories,  should  be  the  selection  and  use  of  fuels  and  fuel 

storage  methods,  stack  design  and  materials,  electrolytes,  catalysis,  and  systems 
engineering  /innovative  modeling  techniques  for  fuel  cells. 

At  the  conclusion  of  Working  Group  deliberations,  the  Co-Chairman 
presented  the  Group's  findings  to  the  collective  Workshop  for  approval  and  comment. 

•  The  main  briefing  points  were  well-received.  The  Group's  briefing  slides  are  included 
in  the  Proceedings. 
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GENERIC  RESEARCH  ISSUES 


Batteries  ••Individual  Systems 


Issue:  Fuels  &  Fuel  Storage 
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Issue:  Electrolytes 
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Long  Term: 

••  Develop  "true”  proton  conductors 

••  Modify  membranes  with  dense  phase  films  (e.g.  Pd) 

••  Develop  new  oxide  conductors  for  low  temp  operation 
••  Better  theoretical  and  experimental  understanding 


Issue:  System  Engineering/Modeling  of  Fuel  Cells 
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NSF/DOE  FUEL  CELLS  FOR 
ELECTRIC  AUTOMOBILES  WORKSHOP 

Washington,  DC 
December  14-16, 1993 

Workshop  Chairman;  Vernon  Roan 
University  of  Florida 


Attachment:  Working  Group  Summary  entitled  "Fuel  Cell  Membrane  and 
Electrochemistry  Research  Issues" 


Working  Group  Chairman:  Supramaniam  Srinivasan 
Secretary:  John  Kosek 


The  Prospector  VII  participants  and  sponsors  wish  to  acknowledge  the 
contributions  of  members  of  a  prior  Workshop,  the  NSF/DOE-sponsored 
Workshop  on  Fuel  Cells  for  Electric  Automobiles,  held  in  Washington,  DC, 
December  14-16, 1993.  The  attached  summary  of  discussions  from  the  Working 
Group  on  "Fuel  Cell  Membrane  and  Electrochemistry  Research  Issues"  proved 
useful  in  assisting  the  members  of  Prospector  VM's  Key  Research  Issues 
Working  Group  as  they  reviewed  and  prioritized  issues  in  the  electrochemistry 
and  fuel  membrane  categories.  That  summary  of  discussions  from  the 
December,  1993,  meeting  is  hereby  inciuded  as  Appendix  A  to  compiete  the 
Prospector  VII  Proceedings. 


Report  of  Working  Group  on  "Fuel  Cell  Membrane 
and  Electrochemistry  Research  Issues" 
Chairman:  Supramaniam  Srinivasan 
Secretary:  John  Kosek 
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2.  Objectives 

The  objectives  of  this  working  group  were  to  (i)  assess  the  status  of  the  technology  of  fuel 
cells  for  electric  vehicles;  and  (ii)  identify  and  prioritize  the  research  issues,  in  these  and  future  fuel 
cell  technologies,  in  order  to  meet  their  performance  and  cost  goals  for  the  electric  vehicle 
application. 

3.  A  Synopsis  of  the  Current  Status  of  Fuel  Cell  Technologies  for  Electric 
Vehicle  Applications  With  Emphasis  on  Proton  Exchange  Membrane  Fuel 
Cells 

The  "Fuel  Cells  for  Transportation  Applications"  Program  was  initiated  by  the  U.S. 
Department  of  Energy  in  1977.  In  the  initial  phase  of  the  study  from  1977  to  1980,  techno- 
economic  assessments  were  carried  out  to  identify  the  most  promising  types  of  fuel  cells  and  fuels 
for  this  application.  These  studies  led  to  the  conclusions  that; 


(i)  for  the  light  duty,  passenger  vehicle  application,  the  proton  exchange  membrane 
fuel  cell  (PEMFC),  with  methanol,  reformed  to  hydrogen  on  board  the  vehicle,  is  the  most  logical 

choice;  and 

(ii)  for  the  heavy  duty  vehicles  (buses,  trucks,  trains,  ships,  etc.),  the  phosphonc  acid 
fuel  cell  (PAFC)  power  plant,  again  with  methanol  reformed  on  board  the  vehicle,  is  the  most 
promising  system.  It  was  also  concluded  that,  for  this  application,  in  the  longer  term  the  solid 
oxide  fuel  cell  system  could  play  some  role  because  of  the  prospects  for  direct  utilization  of 
methanol  and  other  organic  fuels. 

In  the  1980s,  the  research  and  development  activities  were  focused  in  these  two  areas,  i.e., 
PEMFCs  for  automobiles  and  PAFCs  for  buses,  trucks,  etc.  Another  interesting  conclusion  from 
the  studies  in  the  1970s  and  1980s  was  that  because  of  the  high  power  density  requirements  for 
start-up  and  acceleration  and  the  high  energy  density  requirements  for  the  range  of  the  vehicle,  a 
hybrid  power  source,  fuel  cell/battery,  will  be  the  most  appropriate,  as  evident  from  the  Ragone 

Plot  for  energy  conversion  and  storage  systems  (Fig.  1). 

It  is  interesting  to  compare  performances  of  the  different  types  of  the  state-of-the-an  fuel 
cells  (Fig.  2).  This  figure  shows  that  for  the  low  temperature  fuel  cells  utilizing  hydrogen,  the 
efficiency  and  power  density  losses  are  due  to  electrocatalytic  (as  seen  from  the  initial  semi¬ 
exponential  region  of  the  cell  potential  vs.  current  density  plot)  and  ohmic  and  limitations  (slope  of 
the  linear  region).  The  relatively  poor  performance  of  the  direct  methanol  fuel  cell  is  due  to  the 
very  slow  kinetics  of  both  methanol  oxidation  and  the  oxygen  reduction  in  the  fuel  cell  whereas  in 
the  fuel  cells,  with  hydrogen  being  consumed  in  the  anode,  the  electrode  kinetics  is  slow  only  for 
the  oxygen  reduction  reaction.  In  the  case  of  the  higher  temperature  systems  (with  molten 
carbonate  or  solid  oxide  electrolytes)  the  electrode  kinetics  of  the  fuel  cell  reactions  are  fast  but  the 
ohmic  and  mass  transpon  losses  are  high. 

Fig.  2  also  confums  that,  at  the  present  time,  the  most  promising  fuel  cell  systems  for  the 
transportation  applications  are: 

®  PEMFCs  utilizing  hydrogen  light  duty  for  the  passenger  vehicles 

®  PAFCs  utilizing  hydrogen  for  the  heavy  duty  vehicles 

In  order  for  the  other  types  of  fuel  cells  to  reach  the  performance  levels  required  for  these 

applications,  it  is  necessary  to  significantly  increase 

(i)  die  electrode  kinetics  of  the  methanol  oxidation  reaction  ;  and 

(ii)  considerably  lower  the  ohmic  and  mass  transport  losses  in  the  high  temperature 


system. 


Another  factor,  which  has  to  be  taken  into  consideration  for  the  transponation  application  is 
the  pseudo-instantaneous  stan-up  time,  needed  for  the  passenger  vehicle.  With  the  low 
temperature  fuel  cells  (PEMFCs,  alkaline  fuel  cells-AFCs),  this  is  possible  and  is  panicularly  so 
with  fuel  cell/battery  hybrid  power  sources.  This  is  not  the  case  with  the  high  temperature  fuel 
cells  (MCFC  and  SOFC)  at  the  present  time.  Even  the  PAFC  which  operates  at  an  intermediate 
temperature,  the  start-up  time  is  relatively  long  (a  few  hours). 

A.  Performance  Issues  Related  to  Cost-Goals  of  $30-40/kW,  Weight, 

Volume  and  Start-Up  Time  Restrictions  of  Power  Plants 

One  of  the  toughest  challenges  in  developing  fuel  cell  power  sources  for  electric  vehicles  is 
to  meet  the  U.S.  Depanment  of  Energy’s  goal  of  S30-40/kW  for  the  capital  cost  of  the  power 
plants.  This  target  cost  is  necessary  for  the  fuel  cell  powered  vehicle  to  be  economically 
competitive  with  the  state-of-the-art  internal  combustion  or  diesel  engine  powered  vehicle.  The 
costs  of  power  plants  for  the  latter  type  of  vehicles  are  of  the  orders  of  $15-20/kW.  However,  one 
must  take  into  consideration  that  it  has  taken  nearly  100  years  to  advance  these  technologies  to 

reach  the  present  level  of  performance  and  costs. 

In  order  to  meet  the  above  mentioned  cost-goals,  the  performance  issues  are  as  follows: 

•  Need  for  a  quantum  jump  in  performance. 

•  Necessary  to  find  low-cost  materials  and  fabrication  processes. 

•  R&D  activities  need  to  be  conducted  in  the  framework  of  Systems-Performance- 
Cost  Analysis 

The  capital  cost  of  the  power  plant  is  inversely  proportional  to  the  power  density.  The 
higher  the  power  density,  the  higher  is  also  the  rate  of  heat  generation  and  the  more  expensive 
could  be  the  auxiliaries  needed  for  heat  rejection.  This  is  one  of  the  reasons  for  the  need  for  R&D 
activities  on  the  multicell  stack  to  be  well  coordinated  with  the  Systems-Performance-Cost 
Analysis. 

Low  cost  materials  for  the  components  of  the  electrochemical  multicell  stacks,  other  sub¬ 
systems  such  as  the  fuel  processor,  and  the  auxiliaries  (for  thermal  and  water  management,  power 
electronics)  are  vitally  necessary  to  meet  the  capital  costs.  Even  in  the  large  scale  automated 
manufacture  of  a  variety  of  products,  the  capital  costs  are  about  two  to  four  times  the  costs  of  the 
materials.  This  fact  shows  the  importance  of  minimizing  the  fabrication  costs  of  electrodes, 
electrolyte  layers,  bipolar  plates,  etc.  At  the  present  time,  even  though  the  material  costs  are  not 
high,  the  fabrication  costs  of  the  components  of  the  multicell  stack  are  prohibitive. 


The  performance  issues,  related  to  weight  and  volume  restrictions  of  power  plants,  which 
arc  also  governed  by  the  targets  set  by  the  internal  combustion  and  diesel  engine  powered  vehicles, 

arc 

©  Need  for  high  power  density 
©  Need  for  high  energy  density 

The  U.S.  Department  of  Energy’s  goals  for  battery  powered  vehicles  are  400  W/kg  for  the  power 
density  and  200  Wh/kg’for  the  energy  density.  To  approach  these  goals  in  the  short  to  medium 
term,  development  of  a  hybrid  power  source  -  fuel  cell/battery  -  is  the  most  promising  solution,  but 
the  long  term  solution  will  be  to  use  a  sole  fuel  cell  power  source.  This  again  requires  a  quantum 
jump  in  power  density  is  necessary. 

The  methanol  fuel  processor,  carried  on  board  the  vehicle,  is  responsible  for  30  to  40%  of 
the  weight  and  volume  of  the  fuel  cell  power  plant.  The  development  of  a  direct  methanol  fuel  cell 
with  the  desired  energy  efficiencies  and  power  densities  could  thus  significantly  reduce  the  weight 
and  volume  of  the  reformer. 

As  stated  in  Section  3,  pseudo-instant  start-up  times  are  vitally  important  for  passenger 
vehicles.  Though  this  does  not  appear  to  be  a  problem  for  low  temperature  fuel  cells  and  fuel 
cell/battery  hybrid  power  sources,  methods  to  minimize  the  stan-up  times  of  the  higher  temperature 
systems  (PAFC,  SOFC)  need  to  be  developed. 

5  .  Research  Issues,  Research  Priorities  and  Recommendations 
5.1  Proton  Exchange  Membrane  Fuel  Cells 
1  1  Rpspnreh  Issues  and  Research  Priorities. 

At  the  present  time,  there  is  great  stimulation  and  enthusiasm  for  the  development  of 
PEMFCs  for  electric  vehicles  in  several  university,  government  and  industrial  laboratones  in  the 
USA  and  several  foreign  countries  (Canada,  Japan,  France,  Germany,  Korea,  Belgium, 
Netherlands,  India,  etc.).  From  a  technology  development  point  of  view,  the  Ballard  Power 
Systems,  Inc.  have  made  the  most  significant  progress,  as  evident  from  their  demonstrations  of  the 

5  kW  power  plants  and  of  the  fuel  cell  powered  bus. 

According  to  the  views  expressed  by  members  of  the  working  group,  the  Research  Issues, 

which  were  stressed,  are  as  follows: 


•  Proton  Conducting  Membranes 

•  High  Temperature  Capability* 

•  Methanol  Rejecting  Membranes* 

•  Water  and  Thermal  Management 

•  Modeling  of  Proton  Transport  at  a  Molecular  Level 

•  Investigations  of  Metal-Proton  Conducting  Membrane  Interface 

•  Stack  Heat  Rejection 

•  Electrocatalysts  for  PEMFCs 

•  CO  Tolerant  Anode  Electrocatalysts* 

•  Direct  Methanol  Oxidation  Electrocatalysts* 

•  Alternatives  to  Platinum 

•  Electrode  Structure  Reproducibility 

5.1.2  Rationale  and  Recommendations  -  Proton  Conducting  Membranes 

The  development  of  a  proton  conducting  membrane  with  a  high  temperature  capability 
(about  150  to  200°C)  is  a  "high  priority"  area  of  research  because  at  these  operating  temperatures  it 
will  be  possible  to  minimize  the  problems  of 

(i)  poisoning  of  the  anode  electrocatalyst  by  small  amounts  (say  1  to  2%)  of  carbon 
monoxide; 

(ii)  low  electrocatalytic  activity  of  the  oxygen  reduction  and  methanol  oxidation 
reactions;  and 

(iii)  waste-heat  rejection. 

The  state-of-the-art  proton  conducting  membranes  contain  perfluorinated  sulfonic  acid 
chains  and  have  a  Teflon  like  structure.  The  conductivity  is  dependent  on  the  maximum 
humidification  with  water  and  on  the  CF2  and  SO3H  contents.  Higher  the  SO3H  content,  better  is 
the  conductivity,  but  at  too  high  a  SO3H  content  the  mechanical  integrity  of  the  membrane  could  be 
affected.  The  development  of  the  higher  temperature  membrane,  without  the  need  for  external 
humidification,  will  greatly  simplify  the  operation  of  the  PEMFC.  Finding  alternatives  to  the 
perfluorinated  sulfonic  acid  membranes,  with  the  desired  proton  conducting  characteristics  at  the 
elevated  temperatures,  could  significantly  advance  the  PEMFC  technology. 

In  order  to  develop  PEMFCs  using  the  methanol  fuel  directly,  it  is  vitally  important  to 
minimize  the  transport  of  methanol  from  the  anode  to  the  cathode.  The  cross-over  of  methanol 


High  priority  research  areas  for  short  to  medium  term 


causes  a  loss  in  energy  efficiency  and  power  density  of  the  fuel  cell.  Finding  a  solution  to  this 
problem  is  also  a  "high  priority"  area  of  research  because,  elimination  of  the  fuel  processing  sub¬ 
system  can  greatly  reduce  (by  as  much  as  30-50%)  the  weight,  volume  and  cost  of  the  fuel  cell 
power  plant.  The  cross-over  problem  can  probably  be  minimized  by  use  of  laminated  or  composite 

membranes. 

The  water  management  problem  (i.e.,  maintaining  the  membrane  in  the  completely 
humidified  condition)  is  a  major  challenge.  In  practically  all  the  PEMFC  development  work,  the 
reactant  gases  are  humMified.  However.  BCS  Technology,  a  small  business  in  the  State  of  Texas, 
has  developed  a  novel  method  for  the  preparation  of  the  membrane  and  electrode  assembly,  for  a 
PEMFC,  which  is  capable  of  operation  without  external  humidification  and  still  exhibits  a  high 
level  of  performance  (Fig.  3).  More  work  in  this  direction  is  needed.  Thermal  management 
becomes  more  difficult  when  fuel  cells  are  required  to  operate  at  high  power  densities,  as  in  the 
case  of  the  electric  vehicle  application.  The  problem  is  even  more  complex  when  the  fuel  cells 
operate  at  low  temperatures,  such  as  is  the  case  of  the  state-of-the-art  PEMFC.  This  problem  can, 
however,  be  significantly  reduced  if  higher  temperature  proton  conducting  membranes  are 
developed.  Novel  methods  for  heat  rejection,  such  as  evaporative  cooling,  may  be  coupled  with 
humidification  of  the  reactant  gases  to  solve  the  water  and  thermal  management  problems. 

At  a  fundamental  level,  it  is  essential  to  investigate  the  proton  conduction  mechanism  in  the 
membranes.  The  perfluorinated  sulfonic  acid  has  an  equivalent  conductivity  close  to  IN  sulfunc 
acid  in  which  case  proton  conduction  is  by  a  hopping  mechanism  (Grotthus  mechanism).  In  an 
aqueous  electrolyte,  both  the  anions  and  cations  are  mobile.  In  the  case  of  the  perfluorinated 
sulfonic  acid,  the  sulfonic  acid  group  is  anchored  to  a  side  chain  in  the  polymer  and  is  hence 
immobilized.  NMR  and  other  techniques  may  be  valuable  in  elucidating  the  proton  conduction 
mechanism. 

A  related  fundamental  area  of  research,  which  needs  to  be  carried  out,  is  the  investigation 
of  the  structure  of  the  double  layer  at  the  metal/proton  conducting  interface.  Highly  sophisticated 
double  layer  studies  have  been  conducted  at  metal/aqueous  electrolyte  interfaces  and  to  a  lesser 
extent  at  the  metal/molten  electrolyte  interfaces,  using  mainly  AC  impedance  techniques.  This  has 
not  been  the  case  at  the  metal/proton  conducting  membrane  interface. 

The  stack-heat  rejection  problem  is  related  to  the  thermal  management  problem.  The  major 
portion  of  the  heat  generated  is  due  to  the  irreversible  losses  due  to  activation  overpotential  at  the 
oxygen  electrode.  However,  there  are  also  significant  contributions  due  to  ohmic  resistances, 
mainly  of  the  electrolyte,  and  mass  transport  overpotential  when  air  is  used  as  the  reactant.  This 
research  issue  becomes  more  problematic  if  the  future  PEMFCs  operate  at  high  power  densities, 
which  will  be  necessary  to  meet  the  goals  of  low  weights,  volumes  and  costs. 


S  I  Ratinnalp.  and  Recommendations  -  ElectrocatalvMS  fpr  PgMFCs 

The  two  areas  of  research  which  have  high  priority  and  are  related  are  (i)  CO  Tolerant 
Anode  Electrocatalysts;  and  (ii)  Direct  Methanol  Oxidation  Electrocatalysts.  Finding  CO  tolerant 
catalysts  is  of  vital  importance,  since,  hydrogen  produced  by  steam  reforming/shift- 
conversion/selective  oxidation  results  in  a  small  amount  of  carbon  monoxide  which  causes 
poisoning  of  the  platinum  anode  electrocatalyst.  Further,  even  with  simulated  steam  reformed 
fuels  (70%  H2,  30%  CO2).  the  shift  conversion  reaction  reaches  an  equilibrium  and  hence  results 
in  the  production  of  a  small  amount  of  carbon  monoxide  which  causes  a  poisoning  problem, 
particularly  at  higher  current  density.  Small  amounts  of  carbon  monoxide  can  also  be  produced 
even  if  "pristine"  hydrogen  is  the  anodic  reactant  because  the  oxygen  in  the  air  contains  about  340 
ppm  of  CO2  and  small  amounts  of  it  are  transponed  from  the  cathode  to  the  anode.  Thus,  by  use 
of  a  dual  function  electrocatalyst  to  electrochemically  oxidize  the  fuel  and  small  amounts  of  carbon 
monoxide,  as  shown  to  be  possible  by  using  Pt-RuOx  electrocatalysts. 

One  of  the  most  challenging  problems  in  developing  DMFCs  is  to  find  electrocatalysts  with 
high  activities  for  the  electro-oxidation  of  methanol.  The  methanol  oxidation  reaction  is  a  six- 
electron  transfer  reaction  and  could  involve  formaldehyde  and  formic  acid  type  species  being 
formed  as  intermediates  or  in  parallel  reactions.  Besides  this,  the  adsorbed  CO  or  COH  type 
species  cause  a  degradation  in  performance  of  methanol  oxidation.  Thus,  as  in  the  case  of  CO 
tolerant  anode  electrocatalysts,  dual  function  electrocatalysts  are  needed  to  remove  the  poisoning 
species  and  enhance  the  oxidation  rates  of  the  methanol  oxidation  reactants. 

Of  a  lesser  priority  but  more  of  a  fundamental  and  long  range  research  issue  is  to  Find 
alternatives  to  platinum  electrocatalyst.  To  date,  platinum  has  been  shown  to  be  the  most  effective 
electrocatalyst  for  the  hydrogen  oxidation  and  oxygen  reduction  reaction  on  PEMFCs  and  PAFCs. 
Even  though  demonstrations  of  reductions  in  platinum  loadings  to  levels  of  100  |ig/cm2  have  been 
demonstrated  by  investigators  at  Los  Alamos  National  Laboratory  and  Texas  A&M  University,  it  is 
still  necessary  to  find  alternatives  to  platinum  if  PEMFCs  will  play  a  major  role  as  power  sources 
for  electric  vehicles.  The  reason  for  this  conclusion  is  that  even  at  this  loading  the  Pt  equivalent 
will  be  about  ten  times  that  used  in  the  present  catalytic  converters  and  the  latter  application  uses 
one  third  of  the  platinum  produced  each  year.  Thus,  even  for  1  million  PEMFC  powered 
automobiles  manufactured  per  year,  the  platinum  consumption  for  the  automobile  application  will 
exceed  that  of  todays  platinum  requirements.  A  basic  question  is  why  is  platinum  unique  in 
exhibiting  considerably  higher  electrocatalyiic  activities  than  others  evaluated  to  date.  Theoretical 
and  experimental  research  areas  are  still  open  to  resolve  this  question  and  to  tailor-make 
electrocatalysts  for  future  cells. 
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Some  members  of  the  working  group  made  comments  to  the  effect  that  "electrode  structure 
reproducibility"  is  a  research  issue  because  there  still  exists  a  problem  of  PEMFC  performance 
reproducibility.  There  is  no  doubt  that  the  structure  of  the  electrode  plays  an  important  role 
particularly  in  the  efforts  to  reach  high  power  density.  The  state-of-the-art  electrodes  contain 
substrate,  diffusion  and  electrocatalyst  layers.  To  lower  platinum  requirements  and  to  minimize 
activation,  mass  transpon  and  ohmic  overpotentials,  it  is  essential  to  optimize  the  structure  of  the 
electrodes  and  carry  out  detailed  modeling  analysis  on  the  effect  of  structure  of  the  electrodes  on 

the  performance  of  fuel  cells. 

5.2  Solid  Oxide  Fuel  Cells 

^  9  1  Research  Issues  and  Research  Priorities 

The  United  States  is  in  the  forefront  of  SOFC  R&D  as  demonstrated  by  the  progress  in  this 
technology  by  Westinghouse  Electric  Corporation.  There  are  also  active  programs  in  Japan, 
Germany  and  Netherlands.  The  SOFC  R&D  programs  are  focused  on  the  electric  utility  power 
generating  application.  The  advances  in  the  R&D.  particularly  with  respect  to  alternate  designs, 
thin  film  structures  and  prospects  for  lower  operating  temperature  have  stimulated  interests  in 

examining  this  technology  for  electric  vehicle  applications. 

The  working  group  sessions  led  to  the  following  Research  Issues  and  Research  Priorities 

(indicated  by  asterisks). 

®  Materials  Studies  for  Interconnects  and  Seals* 

®  Lower  Temperature  Systems  and  Thin  Film  Fabrication  Techniques 

@  Basic  Electrochemical  Studies 

®  Electrocatalysis 

®  Structure  of  Electrode/Electrolyte  Interfaces 

®  Thermal  Cycling 

®  Lower  Temperature  Operation  With  Alternate  Fuels 

^99  Rprinnnle  for  Recommendations 

The  state-of-the-an  SOFCs  use  (i)  yittria  stabilized  zirconia  for  the  electrolyte;  (ii)  a  nickel- 
zirconia  cement  for  the  anode;  (iii)  strontium  doped  lanthanium  manganate  for  the  cathode;  and  (iv) 
magnesium  doped  lanthanium  chromite  for  the  interconnection.  The  tubular  structure  of  SOFCs  is 
the  most  advanced  though  there  are  efforts  to  develop  the  planar  and  monolithic  structures. 


The  high  priority  areas  of  research  are  indicated  in  the  preceding  section.  In  order  for 
SOFCs  to  meet  the  challenges,  in  respect  to  performance  and  costs,  as  power  sources  for  electnc 

vehicles,  the  following  accomplishments  in  the  R&D  are  vital 

(i)  finding  electrodes,  electrolytes  for  lower  temperature  operation, 

(ii)  developing  fabrication  techniques  such  as  plasma  deposition,  sputtering,  vapor 

deposition,  etc.  which  can  produce  cost-effective  thin  film  structures; 

(iii)  finding  sealant  materials  through  solid  state  science  is  in  a  very  advanced  state. 
New  materials  and  processes  have  been  developed  in  finding  solids  with  high  electronic  or  ionic 
conductivities  and  thin  film  structures  have  been  produced.  Fundamental  studies  to  unravel  the 
structures  of  the  electrode/solid  electrolyte  interfaces,  the  electrode  kinetics  of  fuel  cell  reactions, 
and  the  transport  properties  of  electrons  and  ions  in  the  electrode  and  in  the  electrolyte  are, 
however,  sparse.  There  is  still  a  need  to  elucidate  the  contributions  of  activation,  mass  transport 
and  ohmic  overpotentials  in  SOFCs.  Though  the  methods  to  obtain  these  parameters  for  aqueous 
systems  are  well  developed,  this  is  not  the  case  in  systems  with  solid  electrolytes. 

At  the  present  time,  SOFCs  appear  to  have  better  prospects  for  the  heavy  duty  applications 
because  of  the  high  operating  temperatures.  In  these  cases,  there  may  not  be  much  of  a  problem  of 
maintaining  the  fuel  cells  at  the  high  operating  temperature  for  long  periods  of  time.  For  the  light 
duty  application,  it  may  be  necessary  to  subject  the  power  plants  to  thermal  cycling.  Investigations 
are  thus  necessary  to  determine  the  extents  of  mechanical  and  physico-chemical  degradation  caused 
by  thermal  cycling. 

An  advantage  of  SOFCs  could  be  that  internal  reforming  of  fuels  could  be  carried  out 
because  water  is  produced  at  the  anode  with  the  oxide  ion  conductors  and  this  water  could  be  used 
as  the  reactant  for  the  steam  reforming  reaction.  Further,  because  the  fuel  cell  reaction  is 
exothermic  and  the  steam  reforming  reaction  is  endothermic  and  the  efficiency  losses  for  electricity 
production  in  fuel  cells  produce  heat,  a  partial  solution  to  the  thermal  management  problem  can  be 
made  by  integration  of  the  fuel  cell  and  the  reformer,  as  in  the  case  of  the  informal  reforming  fuel 
cell.  However,  for  the  successful  development  of  such  a  system  with  alternate  fuels  such  as 
methanol  or  natural  gas,  it  is  still  necessary  to  find  materials  for  components  of  SOFCs  for  lower 
temperature  operation  (400  to  700°C  rather  than  1000°C  as  at  present). 

5.3  Alternate  Fuel  Cell  Designs 

The  longer  term  Research  Issues  and  Research  Priorities  will  have  to  focus  on  quantum 
leaps  in  fuel  cell  technologies  with  respects  to  novel  materials,  processes,  and  designs.  A  radical 
change  from  the  conventional  approach  is  necessary  to  improve  the  performance  and  lower  the 


cost,  as  is  necessary  for  the  transportation  applications.  The  research  issues,  which  were 
suggested  by  the  Working  Group  are 

®  Systems  Oriented  Studies  to  Examine  Prospects  of  Meeting  Projected  Cost  Goals  of 
$30-40/kW 

®  Operate  PAFCs  With  Pure  H2 
@  O2  Enrichment  for  Improved  Performance 

Anode  Exhaust  Utilization  of  Natural  Gas  and  Other  Carbonaceous  Fuels 


•  Specific  Energy  (Wh/kg) 


Specific  Power  (W/kg) 


Figure  1  Ragone  Plot  showing  the  energy 

^  characteristics  of  some  commercially  availahie 

battery  systems.  Lead  T^cid  batteries  rom  ^ 
Chlo?iL,  Delco,  Exide  and  Sears;  Nickel-Cadmium 
from  Marathon;  Nickel-Metal  Hydride  from  Ovonics 


Cell  Potential,  V 


1000 


Figure  2  Comparison  of  performanc 
(O)  PEMFC,  (®)  MCFC,  (□) 
Methanol  PAFC. 


Cell#-40,  Hari  Dhar's  M&E  Assembly 
.  No  humidification  on  both  side 


Current  density,  mA/cm 


Figure  3  A  plot  of  PEM  fuel  cell 
performance  without 
humidification. 
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APPENDIX  B 


DOE/ARPA  REVIEW  MEETING 

Baltimore,  MD 
April  26 -27,  1994 


Subject:  Fuel  Cells  for  Direct  Methanol  Oxidation 


Introductory  Remarks:  Albert  R.  Landgrebe 
Department  of  Energy 

and 

Discussion  Leader:  Shimshon  Gottesfeld 
Los  Alamos  National  Laboratory 


The  Prospector  VII  participants  and  sponsors  wish  to  acknowledge  the 
contributions  of  members  of  a  prior  meeting,  the  DOE/ARPA-sponsored  Review 
Meeting  on  Fuel  Cells  for  Direct  Methanol  Oxidation,  Baltimore,  MD, 

April  26-27, 1994.  The  attached  summary  of  discussions  from  that  two-day 
review  proved  useful  in  assisting  the  members  of  Prospector  VM's  Key  Research 
Issues  Working  Group  as  they  reviewed  and  prioritized  issues  in  the  DMFC 
category.  That  summary  of  discussions  from  the  April  1994  meeting  is 
hereby  included  as  Appendix  B  to  complete  the  Prospector  VII 
Proceedings. 

For  more  information  on  this  subject,  please  contact  Los  Alamos  National 
Labortatory  directly  through  one  of  the  following  individuals: 

a.  Dr.  Shimshon  Gottesfeld,  (505)  667-0853,  FAX  665-2768 

b.  Dr.  Thomas  Zawodzinski,  (505)  667-0925,  FAX  665-4292 


Direct  Methanol  Fuel  Cell  Review  Meeting 
April  1994 

Executive  Summary 
Introduction 

To  establish  the  status  and  improve  the  understanding  of  critical  issues  relevant  to 
research  and  development  of  direct  methanol  fuel  cells  (DMFCs),  the  Department  of  Energy 
(DOE)  in  cooperation  with  the  Defense  Department's  Advanced  Research  Proj^s  Agency 
(ARP A)  convened  a  review  meeting  on  April  26-27,  1994  in  Baltimore,  MD.  The  meeting 
was  coordinated  by  Lawrence  Berkeley  Laboratory  (LBL)  and  Los  ^amos  National 
Laboratory  (LANL).  The  meeting  brought  together  researchers  and  industnal  fuel  ceU 
developers  to  provide  a  forum  for  scientific  and  technical  exchange  Aat  proimses  to  (i) 
assist  the  industrial  developers  in  improving  the  performance  of  DMFCs,  and  (ii)  identify 
areas  of  work  in  this  field  for  research  organizations  that  are  currently  acuve  and  where 
successes  are  needed  to  enhance  the  prospects  for  commercialization. 

Fuel  cells  have  attracted  a  great  deal  of  attention  for  potenual  use  in  transportauon 
applications,  because  of  their  good  performance,  high  efficiency  and  low  (or  zero) 
emissions.  A  difficulty  that  has  been  recognized  is  in  establishing  the  infrastructure  needed 
to  provide  the  fuel  cell  vehicles  with  alternative  fuel.  Methanol  h^  attracted  rnuch  interest 
as  the  fuel  of  choice  because  of  its  acceptable  energy  density  md  its  compatibility  with  *e 
existing  liquid  fuel  infrastructure.  The  "conventional"  approach  for  using  rnemanol  in  fuel 
cells  is  to  employ  a  reformer  to  produce  hydrogen,  which  is  consurned  in  the  fuel  cell. 

Since  hydrogen  made  in  this  way  contains  sufficient  carbon  monoxide  to  poison  the  anode 
catalyst,  the  use  of  shift  and  preferential  oxidation  reactors  to  eliminate  this  poison  is 
essential.  These  additional  reactors  lower  the  overall  system  efficiency  and  increase 
weight,  volume  and  complexity.  The  desirability  of  direct  oxidation  of  rnethanol  in  the  fuel 
cell  is  clear,  but  much  more  research  and  development  is  needed  before  tius  can  be 
considered  to  be  practical.  The  results  obtained  to  date  have  demonstrated  the  feasibility  ot 
direct  electrocheiTiical  oxidation  of  methanol  in  laboratory-scale  cells,  but  very  significant 
improvements  in  the  technology  are  still  needed  before  a  viable  fuel  cell  technology  of  this 
kind  is  available  for  transportation  applications.  R&D  programs  sponsored  by  v^us 
government  agencies  have  begun  to  address  the  critical  techmcal  issues  facing  DNffCs. 
There  is  still  a  great  deal  of  improvement  needed  on  several  key  issues  before  this  important 
technology  can  be  viable. 

Status 

The  previous  workshop  was  held  on  May  14-16,  1990  at  Georgetown  University, 
Washington  University  to  discuss  the  R&D  programs  on  direct  oxidation  of  methanol  and 
to  formulate  recommendations  for  advancing  the  technology.  Since  that  mating,  Aere  has 
been  substantial  progress.  The  performance  of  the  anode  for  methanol  oxidation  h^  been 
improved,  and  there  has  been  greater  attention  to  DMFCs  based  on  polymer  electrolyte 
membranes. 

Government-Sponsored  Programs 

The  major  support  for  DMFC  technology  comes  from  DOD/A^A  Army  Research 
Office,  and  DOE/Office  of  Transportation  Systems.  Further  substantial  expansion  by 
ARPA  is  planned  in  1994  with  a  4-year  program  to  develop  DMFCs  for  electric  vehicle 
applications  The  objective  of  this  program  is  to  demonstrate  the  DMFC  technology  for 
DOD  vehicle  requirements.  The  U.S.  Army  Research  Office  recently  initiated  a  program  to 
investigate  anode  electrocatalysts  and  also  to  develop  membrane  electrolytes  with  reduced 


mrthanol  permeation.  The  DOE  program  of  exploraloty  research  on  DIvffC  is  conducted 
mainly  at  LANE  and  at  LBL,  These  programs  are  focused  on  studies  related  to 
electrocatalysis,  improved  electrolytes,  and  laboratory  cell  testing. 

^  Summary  and  recommendations 

A  brief  summary  of  the  state  of  the  art  is  given  below  for  each  of  the  mam  ^P^s, 
fnl  lowed  bv  a  summa^of  the  information  presented  at  the  meeting  for  that  topic^  It  should 
£  noT^  that  the  prin%al  problems  for  DMFCs.  namely  poor  electrocatalys^  ^d  methanol 
OTSSOver,  impacfon  all  of  these  topics.  Recommendations  were  proposed  by  the 
participants  and  they  are  documented  here. 

An  agenda  for  the  Review  Meeting  and  the  List  of  Participants  are  provided  m 
Aopendices  A  and  B,  respectively.  Information  on  specific  individual  presentations  can  be 
obtSned  by  contacting  the  authors  identified  in  the  agenda  (Appendix  ). 


Electrocatalysis 

nf  methanol  on  the  Pt  surface  to  form  adsorbed  CO  or  other  carDon  oxygen  suud^c 
s£des  TddLnd  c^onents  of  the  alloy  catalyst  serve  as  sources  of  active  surface 
Sen  sKcics  wWch  refct  with  the  CO  to  form  CO2.  The  details  of  these  Processes  as 
we^f as  oodmized  Pt/Ru  ratios  for  catalysis  and  further  charactenzation  were  presented  by 
MiultovTSteis™.  Ross,  and  Cairns  for  bulk  alloy  electrodes.  This  mechanism  would 
uredict  first  otderfn  methanol  concentration  at  low  methanol  concentrauons,  as  the 
rate  is  controlled  by  methanol  dehydrogenation  at  'bare'  sur^ce  sites,  giving  vvay 
order  at  higher  methanol  concentrations  as  the  bimolecular  surface  process  Gads  +  C  ads 

CO2  controls  the  overall  rate. 

In  addition  to  the  Umitation  of  the  anode  catalyst,  it  is  now  clearly  documented  l^at 

MeOH elec— on  Where 

of  the  current  leads  to  loss  of  cathode  potential  of  the  order  of  100-150  mV  at  100  mA/cm  . 

as  improved  OCV's  for  methanol  oxidation  and  minimizing  the  negaUve  effects  of  meth 
cross-over  on  cathode  performance. 


It  was  advocated  by  some  participants  that  substantia]  additional  effort  be  directed  to 
fundamental  studies  of  electrocatalysis,  primarily  on  single  crystal  electrodes,  to  examine 
the  intrinsic,  non-poisoned  activity  of  methanol  electrooxidation.  A  typical  turnover 
number  for  a  heterogeneous  catalyst  is  on  the  order  of  10  reactions/Pt  site-sec.  For 
oxidation  of  methanol  on  Pt-Ru  at  25°C,  the  turnover  number  is  «1,  i.e.  this  is  almost  a 
'dead'  catalyst!  However,  extrapolation  of  transient  currents  measured  at  the  clean  surface 
of  Pt  electrodes  to  t=0  suggests  substantially  higher  activities  than  are  observed  after 
poisoning.  Also,  different  crystal  faces  of  Pt  have  different  intrinsic,  clean  surface 
activities,  i.e.  this  is  a  "surface  sensitive"  reaction.  The  argument  was  made  that  the 
catalysis  community  could  produce  specifically  oriented  crystd  surfaces  even  in  dispersed 
catalysts.  However,  others  disputed  the  relevance  of  this  effort  because  concentration  on 
measurements  at  short  times  for  a  pre-cleaned  single  crystal  surface  ignores  the  significance 
of  the  second,  perhaps  more  relevant  step  in  the  mechanism  at  steady  state,  which  involves 
the  removal  of  adsorbed  CO  formed  during  the  first  step.  Since  the  catalysts  must  last  for 
thousands  of  hours  in  the  DMFC,  the  consideration  of  the  short  term  data  for  a  specially 
pre-treated  surface,  even  as  a  target,  may  be  of  little  practical  value.  It  was  stressed  that  the 
relevant  data,  even  in  studies  of  single  crystals  and  model  interfaces,  is  the  steady-state 
current  density,  since  this  most  closely  reflects  the  expected  behavior  of  the  real  catalyst  in 
the  fuel  cell.  Furthermore,  a  predesigned  surface  structure  is  likely  to  change  during  long¬ 
term  operation  under  fuel  cell  conditions. 

Fundamental  studies  of  the  anode  electrocatalyst  using  in-situ  EXAFS  and  FTIR 
methods  were  described.  Theoretical  studies  of  relevant  surface  processes  are  also 
underway  at  CWRU. 

An  informal  target  for  anode  catalyst  activity  is  provided  in  Figure  1  which  suggests 
that  20  nA/cm^  of  real  surface  area  is  sufficient  to  achieve  reasonable  DMFC  anode 
performance.  However,  performance  increases  beyond  this  level  are  very  desirable  to 
reduce  the  precious  catalyst  loadings  that  are  now  on  the  order  of  4  m^cmVelectrode  in  the 
DMFCs  with  the  highest  performance  reported  to  date.  The  possibility  of  alternatives  to 
the  precious  metal  anode  catalysts,  such  as  metal  macrocyclics,  was  raised.  Unfortunately, 
reports  to  date  indicate  that  the  macrocyclics  are  inactive  in  methanol  oxidation.  While  there 
has  been  some  promise  demonstrated  for  this  class  of  catalysts  in  the  cathode  reaction,  it 
was  pointed  out  that  methanol  oxidation  is  an  even  more  difficult  task  than  oxygen 
reduction,  and  the  rather  poor  results  obtained  in  the  latter  case  are  not  likely  to  be 
improved.  One  promising  result  was  shown  by  Scherson  and  co-workers  at  CWRU. 
These  workers  have  prepared  carbon-supported  Pt/polyoxometallate  (e.g.  H4SiWi204o) 
methanol  electrooxidation  catalysts.  At  148°C  in  phosphoric  acid  at  moderate  current 
densities,  50-150  mV  improvements  versus  Pt/C  were  reported. 

Qearly,  the  strong  adsorption  of  the  reaction  intermediate,  or  of  products  of  parallel 
processes,  is  the  most  important  reason  for  the  low  rate  of  the  methanol  oxidation  process 
and  the  effectiveness  of  an  alternative  catalyst  depends  upon  its  sensitivity  to  such  surface 
poisoning  effects.  A  better  understanding  and  improvement  of  this  vital  step  in  the  process 
is  necessary  to  realize  any  improvement  in  alternative  catalysts. 

An  entirely  different  approach  in  anode  catalysis  is  to  consider  mediated  electron 
transfer  involving  the  homogeneous  oxidation  of  methanol.  DuPont  reportedly  pursued 
this  approach  but  the  efforts  have  not  been  published.  Currently,  Whitesides  (Harvard 
Univ.)  is  investigating  the  mediated  oxidation  of  methanol  using  Fe(III)  in  a  separate 
reactor,  then  supplying  the  reduced  species,  Fe(II),  to  the  fuel  cell  for  electrooxidation  to 
complete  the  loop.  In  work  carried  out  thus  far,  a  substantial  voltage  penalty  is  incurred 
and  some  adjustment  in  the  redox  potential  of  the  mediating  couple  is  needed  to  lower  this 


lo«  However  it  was  warned  that  the  problem  is  not  only  thermodynamic  bm  also 
I  n..  "Hne  tunine"  of  the  redox  potential  to  lower  the  voltage  penalty  will  most 

approach. 

As  far  as  the  "conventional"  Pt-Ru  catalysts  are  concerned,  the  ARPA  project  uses  a 

The  other  area  to  concentrate  on  in  electrocatalysis  is  ^J^^anol-toler^t 

target  of  research.  A  possible  class  oi  eiiecuvc  emu  nhQprves  that  carbon- 

eqS  of  ft  based  ca^ysts  ^  rdauvely  ac™ 

methanol. 

Polymer  Electrolyte  and  Alternative  Electrolytes 

of  the  Art  A  key  target  in  the  selection  of  the  cell  electrolyte  is  the  mimmization  of 
X^number  of  electrolytes  were 

the  degree  of  methanol  crossover  in  DMFCs  based  on  membrane  electrolytes.  • 

class  ^electrolytes  is  the  composite  membranes  prepared  from  un  mordemtes  (a  zeol 
slmcmreS^^  poly(a?rylic  acid)  membranes.  While  the  conductivity  of  the 

comi^site  material  is  not  particularly  high,  a  decrease  in  the  methanol  cross-over  by 
factor  of  two  relative  to  Nafion  117  was  reported. 

It  is  important  to  keep  in  mind  that  the  central  membrane  requirement  of  hydrogen 
fueled  fuel  celh^ i  e  high  chemical  stability  and  high  protonic  conductivuy  have  to  be  rnet 
mge^wiS  tt  spe^^^^  of  low  methanol  crossover  and  higher  temperature 

operation,  by  any  electrolyte  for  DMFCs. 


mobility  through  the  electrolyte.  An  important  point  is  that  all  such  attempts  involve 
tradeoffs  i  e.,  to  accept  somewhat  lower  electrolyte  conductivity  (especially  m  light  ot  the 
lower  current  densities  in  DMFCs)  in  exchange  for  improved  barrier  properties  toward 
methanol.  Lower  solubility  of  methanol  can  be  achieved  by  either  physical  modification  ot 
the  membrane  electrolyte  (e.g.  cross-linking)  or  by  using  the  tendency  of  the  ^embr^es  to 
lose  imbibed  liquid  at  elevated  temperatures.  Unfortunately,  for  matenals  such  as  PhbAs, 
which  require  water  to  maintain  adequate  ionic  conductivity,  higher  temperatures  can  be 
deleterious  since  water  as  well  as  methanol  is  lost  from  the  membrane.  Furthermore, 
overall  material  stability  is  more  difficult  to  maintain  at  high  temperatures. 

Some  attempts  are  underway  to  prepare  suitable  materials  which  maintain 
satisfactory  conductivity  above  150OC,  with  an  especially  strong  effort  t^ng  place  in  the 
context  of  the  ARPA-sponsored  program  centered  at  CWRU.  One  class  of  rnatenals  under 
development  have  typically  involved  using  phosphoric  or  sulfuric  acids  to  provide 
conduction  in  the  membrane  at  elevated  temperatures.  The  matnx  material  used  are 
Nafion  and  poly  (benzimidazole).  Additionally,  new  materials  such  as  perfluorinated 
sulfonimides,  which  are  strong  acids,  are  being  synthesized.  The  latter  matenals  may  be 
more  thermally  stable  than  sulfonic  acids.  A  fundamental  problem  with  lonomeric 
materials  is  separation  of  microphases  (i.e.  ionic  pores  and  backbone  regions).  Not  on  y 
can  the  hydrophobic  backbone  regions  potentially  serve  as  methanol  conduits,  but  the 
regions  with  ionic  conductivity  also  inherently  attract  methanol.  The  development  ot 
"single  phase"  structures  is  not  without  its  difficulties.  Such  structures  either  provide  poor 
conductivity  or  are  not  sufficiently  stable  (e.g.  polybenzimidazole  with  phosphonc  acid). 
All  in  all,  preparing  single  phase  flexible  methanol  rejecting  polymers  with  adequate 
conductivity  is  a  daunting  task.  While  new  materials  based  on  sulfonimides  are  being 
investigated,  the  properties  of  membranes  derived  from  these  materials  must  be  cnticmly 
compared  with  existing  membranes.  There  is  little  reason  to  believe  a  prion  that 
sulfonimides  promise  particularly  advantageous  properties  vis  a  vis  methanol  cross-over. 

The  development  of  an  anion-conducting,  C02-rejecting  membrane  which  could 
operate  with  neutral  or  basic  internal  pH  would  have  significant  advantages  ^  a  membrane 
for  direct  methanol  (or  even  hydrogen)  fuel  cell  applications.  Cathode  elecuocatalysis 
would  be  improved.  However,  existing  membranes  have  poor  stability  at  reasonable 
temperatures  under  basic  conditions.  Several  aqueous  systems  which  have  some  ot  the 
properties  of  anionic  membrane  systems  were  descnbed  at  this  meeting.  For  ex^ple,  an 
aqueous  carbonate  system  with  a  Pt-Ru  catalyst  yields  a  very  ^bstantial  gam  in 
performance  compared  to  a  cell  with  a  phosphoric  acid  electrolyte.  This  ^ode  provides 
100  mA/cm^at  300  mV  overpotential  at  atmospheric  pressure  and  120‘JC  utilizing  a 
methanol  vapor  feed.  A  significant  limitation  of  the  electrolyte  is  that  the  solubility  of 
oxygen  is  not  very  high.  On  the  other  hand,  the  methanol  solubility  is  also  quite  low, 
thereby  reducing  methanol  crossover. 

Inorganic  membranes  or  organic/inorganic  composites  could  offer  sorne 
advantages.  The  protonic  conductivity  of  most  inorganic  membranes  m  the  rnoderate 
temperature  range  ( lOQO  to  200OC)  is  typically  low.  Hydrated  complex  sdts,  which  can 
exhibit  fairly  good  conductivity,  are  usually  metastable.  One  system  which  has  been 
shown  to  have  fairly  good  conductivity  with  some  methanol  rejection  is  a  composite 
membrane  prepared^  from  tin  mordenite  (an  aluminosilicate) 

acid/methac^late  co-polymer  matrix.  It  is  unclear  what  the  eventual  stability  of  such  a 
membrane  will  be  in  the  fuel  cell  environment.  It  is  quite  likely  that  the 
permeation  rate  is  simply  an  effect  of  increased  tortuosity  because  of  the  zeolite  pait^tdes 
introduced  into  the  matrix.  Another  inorganic  component,  incorporated  into  the  menibr^ 
to  lower  methanol  permeation,  was  demonstrated  at  LANL  to  provide  approximately  50- 


mV  improvement  in  performance  of  a  Nafion  1 17-based  DMFC  over  most  of  the 
polarization  curve. 

Cell  Issues 

of  the  Art.  The  best  state-of-the-art  DMFC  performance  currently  reported  by  JPL  is 
a  liqufd-fS'^M  methanol  m  water)  cell  which  delivers  230  mA/cm^  at  0.5  V  with  an  air 
cathode.  This  cell  utilizes  a  Nafion  1 17  membrane,  a  Pt-Ru  unsupported  anode  ^at^yst  ( 
mg  Pt-Ruycm2)  and  a  specially  designed  cathode.  Fuel  cells  based  on  aque^s  c^bonate 
eTcmolyl;' operating  at^gher^ratu-  have  del.vered  ^-670  mV  at  I  W  ^ 
r,  rnmnlex  nressurized  system.  The  cells  operate  at  IbS^C  and  the  system  utilizes 

COi  recycling  from  the  anode  effluent  to  the  cathode  feed  to  minimize  pH  vanations  m  the 
Mil  mg/cm^  was  utilized.  The^rformanc^f 

anode  catalvsts  with  various  Pt/Ru  ratios  was  reported  for  this  aqueous  carbonate  cell.  The 
methanol  cross-over  was  low.  There  was  some  concern  with  metal  corrosion  in  the  cell 
hardware  as  Ni  components  are  apparently  susceptible  to  the  alkaline  electrolyte  at  the 

elevated  temperature. 

of  nkoiission  Ouestiotts  were  raised  concerning  the  cost  of  DMFC  components 
srhTbacgng  jnnrthe  manufacturability  of  these  cells.  A  component 
manufacturer  present  in  the  meeting  indicated  that  the  automauon  and  scale-up  of  some  of 
the  manufacturing  processes  could  significantly  lower  cost. 

The  issue  of  methanol  crossover  and  how  to  deal  with  it  is  a  critical  issue  at  the  ceU 
level  One  solution  to  this  problem  at  the  cell  level  is  the  development  of  meth^ol-toler^t 
cathod^catalvsts.  It  was  reported  that  FeTMPP  supported  on  carbon  exhibited  reasonable 
TTerformance  for  oxygen  reduction  based  on  SNL  tests  in  alkaline  electrolytes.  Howeve  , 
^^ious  LANL  results  had  suggested  ^at  pyrolyzed  ^acrixycles  were 
catalvsts  in  acidic  PEFCs.  The  additional  losses  in  the  oxygen  reduction  reaction 
encountered  with  such  non-precious  metal  catalysts  ^ould  negate  any  expected 
improvement  to  be  gained  by  the  increased  tolerance  of  the  catalyst  to  methanol. 

The  issue  of  alternate  fuels  was  broached.  Substantial  work  has  also  ^en  carried 
out  by  JPL  and  collaborators  on  oxygenated  fuels.  However,  the  cost  of 
Hkely  to  be  high.  Methane  and  hydrocarbons  in  general  are  poor  Candida  es  for 
ellitLhemical  oxidation  at  modest  temperatures.  Ammorua  is 

a  toxicity  standpoint.  On  the  other  hand,  it  was  also  pointed  out  that  problems  related 
methanol  toxicity  are  probably  overrated. 

Extensive  modeling  may  allow  assessment  of  the  variety  of  methanol  cross-over 
effects  at  the  cell  level.  The  relevant  transport  parameters  will  need  to  be  ex^nment^ly 

derived.  With  an  effective  cell  model,  the  efficacy  of  of 

be  evaluated  for  example,  the  relative  merits  of  vapor  and  liquid  tne  enecis  oi 
modifying  the  electrode  structure  and  its  optimization,  improved  understanding  of  the 
SfecL  of  pressurization  on  electrode  performance  (i.e.,  is  the  improvement  in  cathode 
performance  from  pressurization  an  effect  of  methanol  removal  from  the  cathode  backing  o 
merely  an  increase  in  oxygen  partial  pressure?). 

Stack/System  Issues 

.estate  of  the  Art.  EFC  has  investigated  relatively  small  direct  niethanol  ^el  cehjtocl^  mider 
thC  ARPA  ^ogram.  Both  air  and  oxygen  cathode  feeds  have  been  ' 

Performance^ nearly  equivalent  to  that  of  a  single  cell  is  attained  upon  scale-up  to  a  s 


Methanol  crossover  is  measured  by  analyzing  for  CO2  present  in  the  cathode  effluent.  A 
current-density  equivalent  to  approximately  50  mA/cm^  of  methanol  is  lost  to  crossover 
when  the  fuel  cell  is  operated  at  a  current  density  of  250  mA/cm^  with  a  lean  feed.  The 
stack  is  cooled  by  circulation  of  the  liquid  feed. 

Summary  of  Discussion.  Several  of  the  issues  addressed  here  contained  elements  of  the 
earlier  sections,  such  as  the  system  impact  of  crossover  problems  and  the  resultant 
efficiency  penalty.  It  was  questioned  whether  the  thermal  load  could  be  adequately 
addressed  by  the  cooling  of  the  recirculated  anode  feed.  Pressurization  appears  to  be 
necessary  to  attain  higher  performance  and  minimize  the  effects  of  crossover.  Can 
satisfactory  performance  be  attained  with  the  use  of  air  and/or  unpressurized  reactants?  Is 
operating  the  cells  at  higher  temperatures  a  viable  option  in  stacks?  Answering  these 
questions  calls  for  a  definition  of  system  requirements  in  conjunction  with  modeling  of  the 
system  in  order  to  examine  the  relative  efficacy  of  the  various  approaches. 

If  the  liquid  feed  is  recirculated  through  the  stack,  a  certain  amount  of  methanol  will 
be  lost  in  the  CO2  product  stream  because  of  its  high  volatility.  If  the  elimination  of 
emissions  (e.g.  the  residual  methanol  or  any  other  possible  by-products  of  the  anode 
process)  becomes  an  important  issue,  the  recovery  or  destruction  of  the  residual  vapor  in 
the  anode  effluent  may  be  required.  One  possible  solution  is  to  mix  the  effluent  stream 
with  air  and  mn  it  over  an  oxidation  catalyst. 

A  possible  concern  in  liquid-feed  fuel-cell  stacks  is  the  shunt  losses  arising  from 
ionic  conduction  through  the  feed,  although  they  would  certainly  be  less  than  that 
experienced  in  battery  systems  (such  as  Zn/air)  that  use  highly  conductive  anolytes. 

Recommendations 

A  set  of  recommendations  was  proposed  by  the  attendees  at  the  Review  Meeting  on 
April  26-27,  1994.  These  recommendations  are  documented  and  address  several  topical 
areas,  including  electrocatalysis,  polymer  electrolytes  and  alternative  electrolytes,  cell 
issues,  and  stack/system  issues. 

ELECTROCATALYSIS 

The  catalyst  loadings  presently  used  to  obtain  reasonable  performance  in  DMFCs 
are  excessive  from  a  systems  cost  perspective.  Therefore,  anode  catalyst  activity  has  to  be 
increased  by  a  factor  of  10  to  be  able  to  lower  precious  metal  loadings  by  an  order  of 
magnitude. 

(a)  Further  improvements  in  the  performance  of  the  best  anode  catalysts  identified  to  date, 
i.e.,  Pt-Ru,  can  be  achieved  by  optimization  of  the  catalyst  structure,  particularly  by 
increase  of  the  surface  area  in  stable  structures,  and  optimization  of  the  structure  of  the 
catalyst  layer.  The  latter  is  of  great  importance,  as  combined  requirements  of  protonic 
conductivity,  electronic  conductivity,  liquid  access  (MeOH)  and  gas  permeability  (CO2 
product)  need  to  be  met. 

(b)  Fundamental  studies  of  the  intrinsic  electrocatalytic  properties  of  model  interfacial 
systems,  e.g.,  single  crystal  electrode  or  bulk  alloy  electrodes,  can  advance  the 
understanding  of  the  anodic  oxidation  of  MeOH.  It  is  recommended  that  steady-state 
currents  be  reported  for  such  model  systems  during  electrooxidation  of  MeOH  to  improve 
the  relevance  to  "real  life"  DMFC  experiments. 


(c)  FVRu-Oxide  ("unsupported  Pt-Ru")  catalysts  have  been  demonstrated  recently  as  highly 
effective  in  DMFCs.  Fundamental  studies  of  MeOH  electrooxidation  at  relevant  Pt-RuOx 

model  systems  are  recommended. 

(d)  It  is  highly  desirable  to  know  the  surface  composition  and  stmcture  of  dispersed  alloy 

catalysts  particularly  Pt-Ru,  in  DMFC  anodes.  Information  at  this  time  is  confined  to  he 
over^l  bulk  composition,  and  information  on  the  surface  composition  of  ^ 

DMFC  anode  is  lacking.  It  is  recommended  to  apply  techniques  .such  as  EXAFS  to  obtain 
information  on  catalyst  surface  composition/stmcture  in  operating  DMFCs. 

(e)  Effective,  MeOH-tolerant  cathode  catalysts  for  DMFCs  are  highly  c^esirable  The 
prerequisite  should  be  an  activity  corresponding  to  a  cathode  potential  lower  than  that  of  Pt 
by  not  more  than  50  mV  @  100  mA/cm^  of  ORR  current  density  m  the  absence  of  any 
interference.  Otherwise,  the  MeOH  tolerance  will  not  compensate  for  the  lower  intrinsic 

performance. 

(f)  The  deleterious  effects  of  MeOH  on  the  ORR  at  the  Pt  cath^e  catalyst  can,  in  pnnciple, 
be  prevented  by  smart  designs  of  the  DMFC  cathode.  Such  efforts  are  recommended. 

POT  .YMHR  ELECrROLYTE_AND  ALTERNATIVF  EDECTROUCEEa 

The  use  of  membrane  electrolytes  in  DMFCs  has  been  the  most  signific^t  new 
development  in  this  technology.  However,  MeOH  crossover  through  the  electrolyte  is  a 
major  Sem  applications,  a  fuel  efficiency  of  only  50%  at  a  current  density 

of  1(X)-2(X)  mA/cm^  is  unacceptable,  particularly  for  transportauon  applicauons. 

(a)  Modify  existing  polymeric  membranes  by  introducing 

other  composite  structure  while  demonstrating  long-term  stability  of  the  structure  und 
operating  DMFC  conditions. 

(b)  Develop  new  membranes  that  would  combine  satisfactory  conductivity  with  low 
MeOH  permeability. 

(c)  Demonstrate  longrleim  stability  and  good  cell  performance  for 

membranes,  as  well  as  for  other  similar  systems,  operating  at  higher  DMFC  temperatures. 

DMFC  CELLS 

The  report  of  a  performance  of  ca.  300  mA/cm^  @  0.5  V  for  MeOH/02  cells 
employing  membrane  electrolytes  is  quite  exciUng  .  However,  this  is  still  quite  to  from  the 
reauirements  for  a  viable  cell  performance  for  transportation  applications,  and  the 
encouraging  results  have  not  yet  been  demonstrated  on  a  time  scale  longer  than  several 

days. 

(a)  Demonstrate  stable  cell  performance  with  high  anode  loadings  on  a  time  scale  of  several 
weeks,  then  several  months. 

(b)  Lower  anode  catalyst  loadings  and  demonstrate  stable  performance  over  time  periods 
extending  to  months. 

(c)  Compare  performance  in  cells  using  liquid  and  vapor  feeds  of  methanol. 


(d)  Carry  out  tests  over  the  widest  temperature  range  possible  with  ordinary  ionomenc 
membranes. 

(e)  Develop  a  comprehensive  DMFC  model  to  predict  the  effects  of  MeOH  crossover  on 
cell  performance  and  cell  efficiency,  to  compare  liquid  vs.  vapor  anode  feed  performance, 

etc. 


PMFC  STACKS 

A  DMFC  stack  that  is  fed  directly  by  liquid  MeOH  is  very  attractive  for 
transportation  applications  as  well  as  for  other  applications  winch  may  utilize  the 
complicated  system  of  a  methanol  reformer  coupled  to  a  H2/air  PEFC.  However,  the  cost 
per  kW,  the  specific  power  and  the  fuel  efficiency  of  a  DMFC  stack  ^e  still  far  from 
Ktisfactory  for  transportation  applications.  Therefore,  it  may  be  debatable  if  u  is 
aonroDriate  to  develop  DMFC  stacks  before  an  advanced  technology  is  available  which 
overcomes  some  of  the  above  challenges.  The  general  feeling  at  the  meeUng  was  *at  such 
efforts  are  a  worthwhile  contribution  to  the  general  development  of  fuel  cell  manufactunng 

capabilities  in  the  United  States. 

(a)  Develop  stack  and  system  concepts  based  on  DMFCs  with  liquid  or  vapor  feeds. 
Strive  to  lower  cost,  increase  power  density,  and  demonstrate  long-term  performance  to 
levels  where  comparison  with  the  MeOH  reformer  +  Hj/air  PEFC  stack  will  be  more 
clearly  in  favor  of  the  DMFC. 


(b)  Develop  a  reliable  computer  model  of  DMFC  stack  performance. 

(c)  Operate  DMFC  stacks  to  probe  emissions  to  determine  if  they  qualify  for  a  ZEV  or,  at 
least,  for  a  ULEV. 


Institutional  Considerations 

The  introduction  of  an  alternative  fuel  to  the  transportation  sector  presents  a  number  of 
issues  that  must  be  considered,  such  as: 


•  safety  considerations 

•  storage  characteristics 

•  avail^ility 

•  new  infrastructure  r^uirements 

•  environmental  considerations 

•  compatibility  with  fuel  cell  systems 

These  issues  have,  to  some  extent,  been  considered  in  the  existing  DOE  Progi^  on  Fuel 
Cells  for  Transportation,  but  there  is  still  a  need  to  completely  resolve  some  or  them. 


Methanol  was  selected  as  the  fuel  of  choice  for  direct-hydrocarbon  fuel  cells  in 
transportation  applications  because  it  can  be  derived  from  non-petroleurn  sources,  is  easy  to 
transmit  and  store,  and  offers  the  best  prospects  for  obtaining  reasonable  efficiency  from 
the  direct  electrochemical  oxidation  of  a  liquid  fuel.  Furthermore,  the  existing  refue  mg 
infrastructure  could  be  readily  adapted  to  handle  methanol  for  use  m  either  indirect 
(reformed)  or  direct  methanol  fuel  cells.  Indeed,  a  number  of  existing  gas  stations  have 

been  modified  to  offer  M85  (85%  methanol,  15%  gasoline).  Me^anol  h^  °TnHvXhigh 
which  must  be  addressed  when  it  is  used  as  a  transportation  fuel.  The  relatively  hig 
volatility  of  methanol  compounds  the  toxicity  issue  and  could  conceivably  exacerbate  the 


occurrence  of  potentially  explosive  situations  in  which  vapor  accumulates  in  an  unvented 
area  The  use  of  methanol  is  of  concern  from  an  environmental  standpoint  because  it  is 
infinitely  miscible  with  water  and  spillage  could  contaminate  aquifers  and  other  water 
storage  reservoirs.  These  issues  have  been  addressed  to  a  large  extent  elsewhere  and  i  is 
generally  concluded  that  safety  in  storing  and  handling  methanol  can  be  resolved  \vith  the 
Se  S  aVpr"  Many  of  the  problems  are  similar  to  those  of  other 

transportation  fuels,  and  they  have  proven  amenable  to  practical  solutions. 

Institutional  issues  specifically  related  to  the  safety  and  handling  of  methanol  for  both 
DMFCs  and  fuel  cells  that  utilize  hydrogen  from  steam-reformed  methariol  should  be 
similar.  In  these  systems,  substantial  escape  of  methanol  may  ^cur,  especially  in  the  case 
of  the  DMFC  where  appreciable  evaporation  from  the  edges  of  the  membranes  may  occu 
in  current  stack  designs,  and  cross-over  may  result  in  methanol  in  the  cathode  effluent 
stream  Perhaps  of  greater  concern  is  the  possibility  that  undesimble  by-products,  such  as 
formaldehyde,^dimethyl  ether,  etc.,  might  be  formed  in  the  DWC  or 
system  of  the  reformed-methanol  fuel  cell  system.  In  the  case  of  the  DMFC,  these 
difficulties  may  be  compounded  by  higher  temperature  operauon. 


The  most  significant  research  needs  related  to  institutional  considerations  are. 

(a)  Investigate  the  evaporative  losses  of  methanol  in  DMFCs. 

(b)  Identify  undesirable  by-products  that  may  form  in  the  fuel  cell  and  which  could  be 
vented  from  the  system. 
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